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Abstract 
An issue of concern with the recent densification of electrical components in integrated 
circuits is heat removal to avoid damage to the semiconductor structure. Flat heat pipes have 
been seriously considered and studied over the past 20 years as a solution for thermal 
management of these devices.  
In this, flat polymer based micro heat pipes were designed, fabricated and assessed for 
thermal performance. Novel fabrication processes was developed that uses liquid crystal polymer 
(LCP) film with copper filled thermal vias and a micro-scale hybrid liquid wicking structure to 
construct a flat heat pipe suitable for thermal management of semiconductor devices. LCP was 
chosen for its high chemical resistance, reliability, flexibility, and its ability to be readily 
incorporated into current printed circuit board production technologies. The microfabrication 
techniques of photolithography and reactive ion etching were used to form copper filled thermal 
vias through the polymer to decrease thermal resistance of the casing. Photolithography, wet 
etching, and electroplating were used to form a hybrid wicking consisting of 200 µm copper 
pillar forming 31 µm grooves with a woven copper mesh bonded to the top surface. In addition, a 
novel method for bonding woven metallic mesh to liquid flow channels has been developed. A 
250 Å thick layer of atomic layer deposited (ALD) TiO2 was coated on the hybrid wicking 
structure to enhance the evaporation and capillary force on the liquid in the device. The thermal 
resistance of the assembled and water charged thermal ground plane displayed a thermal 
resistance of 0.5 K/W with a power input of 40 W (63 W/cm
2
) with both adverse and favorable 
acceleration fields. The same device displayed an effective thermal conductivity of 1653 W/m·K 
iv 
 
at 0g and 541 W/m·K at 10g acceleration. This high performance suggests that excess capillary 
pumping pressure was achieved with the hybrid wick.  
Additionally, flexible thermal ground planes have been developed using multi-layer 
sintered wick structures and 130 µm thick PET casing material. These devices displayed a 
thermal resistance up to 4 times less than an equivalent copper reference sample and at a mass of 
up to 1/6
th
 that of copper. 
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1.  INTRODUCTION 
Thermal management of electronic systems has been an important field of study since the 
development of the first integrated circuits (ICs) in the late 1950s. Initially, ICs contained tens of 
transistors in large packages while today’s devices contain tens of billions of devices in very 
small packages. This trend of increasing device quantity is roughly predicted by Moore’s Law as 
a doubling of components every two years. This improvement in component density has resulted 
in a generation of excessive quantities of thermal energy which must be extracted efficiently to 
maintain error free operation. 
 There exist several options available for maintain reasonable operating temperatures of 
electrical devices. Air cooling involves using either forced or natural convection to remove heat 
from a system. Heat sinks fabricated from high conductivity materials, such as copper or 
aluminum, utilize rods or fins to increase the surface area for convection. Air may be forced 
through a heat sink using a fan or an impinging jet of compressed air. Liquid cooling exploits the 
high heat capacity of water to extract heat from a system using a pump and heat exchanger. 
Solid-state cooling may be achieved with the use of a thermoelectric device called a Peltier 
cooler. In all cases, the ultimate goal is to decrease the overall thermal resistance from the heat 
generating components (IC junctions) to the ambient atmosphere. 
 Heat pipes have recently been applied for use in the thermal management of integrated 
circuits. A typical heat pipe in a laptop computer is copper jacketed, cylindrical, and ridged, 
relatively heavy-weight, and high in cost due to the chosen materials. The motivation for the 
following work was to create the next generation of heat pipes that are polymer-jacketed, flat and 
thin, flexible, light-weight, and low in cost. 
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This chapter first offers a historical perspective on heat pipe development and then 
presents a review of the basic heat transfer mechanisms. This is then followed by a discussion of 
the operational heat pipe limits. The final section gives a comprehensive literature review of the 
current state of the art of flat heat pipe technologies with a special focus on fabrication processes, 
testing procedures, and results. 
The second chapter details the design and fabrication of polymer based heat pipes that 
utilize hybrid wicking structures, copper filled thermal vias, and atomic layer deposition. The 
third chapter discusses the thermal performance of the device under various heat loads, 
orientations, and accelerations. The fourth chapter presents the construction of a flexible thermal 
ground plane able to transfer heat with a performance which exceeds the state of the art. 
 
1.1 Heat Pipe Overview 
A heat pipe is a sealed vessel containing a two phase fluid and is used to transfer heat from one 
location to another. Heat enters through the casing material and into the liquid on the inside of 
the evaporator section as in Figure 1.1.  
 
 
Figure 1.1 Schematic of a heat pipe structure and operation [1]. 
 
The liquid readily evaporates and is transported through a middle adiabatic region and ends up in 
the cooler condensation region. The latent heat of vaporization is removed from the vapor and it 
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then condenses. The heat exits through the heat pipe casing material and is typically drawn away 
with a combination of conduction and forced or natural convection. The condensate forms in 
capillary flow structures (channels and/or mesh) lining the inside of the MHP and is pumped 
back to the evaporator section to begin the cycle again. The shapes, sizes, and working fluids 
used in heat pipes vary widely. Many people view them as a new emerging technology, but they 
have been in use since the 1800s. 
 The heat pipe concept was first published in a patent by Angier March Perkins and W.E. 
Buck in 1892 titled “Improvements in Devices for the Diffusion or Thermal Transference of 
Heat” [2]. The “Perkin’s tube” used water sealed in heating tubes. A heat source was placed at 
the bottom of the tube coil as can be seen in Figure 1.2. The resulting vapor generated in the tube 
went upward due to vapor expansion. The steam in the upper section of the tube was utilized 
mostly in baker’s ovens as a controllable heat source.  
 
 
Figure 1.2 Drawing of Perkin’s Tube, a simple thermo-siphon whose purpose it was to heat a 
baker’s oven [2]. 
 
When the steam cooled and condensed, it descended down the coil of pipe back to the furnace, 
where it vaporized again to repeat the cycle. Through trial and error, Perkins found that the ideal 
volume of water in the tube was 32%. Any more than that resulted in the tube being completely 
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filled with water and blocking the vapor flow. Any less than that resulted in complete 
vaporization, dry out, and overheating. This type of gravity liquid return system is now known as 
a thermo-siphon. 
 The thermo-siphon concept remained unchanged for about the next 50 years. In 1944, 
R.S. Gaugler suggested using the device as a means of cooling rather than heating [3]. The base 
of a heat pipe was immersed in crushed ice. The pipe then went up through an insulated 
refrigeration unit. Heat from in the refrigerator vaporized the working fluid. The resulting vapor 
expanded downward to the crushed ice where it condensed. The condensate flowed up the pipe 
through capillary forces. Most of the area of the pipe was filled with a sintered iron wicking 
structure which provided the capillary return mechanism. 
 The 1960s brought an exciting boom of heat pipe developments. G.M. Grover et al. 
published the first theoretical analysis on heat pipes [4]. They experimented with high 
temperature devices using wire mesh wick structures and sodium as the working fluid. After 
Grover’s work at Los Alamos National Laboratory, both Italy and the United States invested 
heavily into research programs aimed at space applications. The Joint Nuclear Research Center 
in Italy focused on using heat pipes to transfer heat from nuclear reactors. The US also focused 
not only on high temperature applications, but also application for cooling satellite electronics. In 
1967, a stainless steel/water heat pipe was proven to function in space as an electronics cooling 
mechanism. Rotating heat pipes were then developed to cool turbine blades. They were wickless 
and used centrifugal acceleration to return the liquid to the blade tip. Cryogenic systems also 
received attention and used nitrogen, hydrogen, and even helium as the working fluids. 
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1.2 Basic Heat Transfer Mechanisms 
A heat pipe transfers heat from one location to another through the mechanisms of conduction, 
evaporation, convection, and condensation. Thermal conduction is the transmission of energy 
through the lattice vibration of atoms and molecules. Conduction may occur in solids, liquids, or 
gases, but it is most effective in solids. The molecules in solids are tightly packed and are able to 
transmit vibrational energy with relative ease. In a heat pipe, the heat energy must pass through 
the external casing material first and exit its other end. Some materials are more effective 
conductors of heat than other materials. Common materials and their corresponding thermal 
conductivity values are shown in Table 1.1. 
 
Table 1.1 List of common materials and their thermal conductivities at 300K [5]. 
 
 
If one knows the thermal conductivity of a material (k), the thickness of that material (L), and the 
temperature at each end of the material, the rate of heat conduction per unit area may be 
calculated as follows [5], 
 
L
TT
kq CH

      (1.1) 
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This relationship is known as Fourier’s law. It can be seen that the heat rate of heat transfer is 
directly proportional to the conductivity and the temperature difference, and indirectly 
proportional to the material thickness. 
 The thermal resistance of a heat pipe may be calculated as a combination of individual 
thermal resistances in a network shown in Figure 1.3. 
 
Figure 1.3 A heat pipe modeled as a thermal resistance network [1]. 
 
A quantity of thermal energy (qin) enters the casing of the heat pipe through the thermal 
resistance of Re,case. Once the heat energy is transferred through the solid casing material of the 
heat pipe, it will reach the liquid saturating the capillary wicking structure. The energy is 
absorbed by the liquid through conduction and it then vaporizes because the vessel is in the 
saturated two-phase (liquid-vapor) state. Any additional added energy goes into latent heat of 
vaporization. This process is shown in Figure 1.4 on a temperature-entropy (T-S) diagram. 
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Figure 1.4 T-S diagram of the heat pipe cycle of evaporation and condensation [1]. 
 
During the process of vaporization, the specific volume of the water increases about 1600 times 
(at standard pressure).  This dramatic increase in volume results in an increase of local pressure 
in the evaporator region. This increased pressure drives the vapor through the adiabatic region to 
the lower pressure condenser region. If the surface temperature of the condenser is held lower 
than the saturation temperature of the vapor, condensation will occur.  
There exist two modes of surface condensation; film and drop wise. Film condensate 
forms on clean, uncontaminated surfaces. Condensate will form in drops if the surface is 
hydrophobic. In either case, the liquid condensate forms a barrier to further heat transfer. In the 
case of drop wise condensation, there is a larger un-wetted area and hence less resistance to heat 
transfer. Drop wise condensation is therefore the preferred mode for effective heat pipe 
operation. The heat transfer rate for drop wise condensation is given empirically as [6], 
)( SVdcdc TThq       (1.2) 
satdc Th 2044104,51      (1.3) 
Once formed, the drops coalesce and are drawn into the copper capillary channels located below 
the condenser wick surface. 
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 Capillary forces combined with a liquid pressure drop in the channels drive the water 
back to the evaporator section. This cycle of conduction, vaporization, convection, condensation, 
and capillary flow occurs in a continuous cycle in properly functioning heat pipes. 
 
1.3 Heat Pipe Cycle and Operational Limits 
Each heat pipe has a range of operating temperatures and heat fluxes that will allow it to function 
properly. The various limitations are illustrated in Figure 1.5.  
 
 
 
Figure 1.5 Plot showing the various operational limitations on the operation of heat pipes [1]. 
 
On the low end of the operating temperature the limits are the viscous and sonic. The midrange 
temperature limits are capillary and entrainment which represent the higher power limits. At high 
temperature, the boiling limit dominates the heat pipe functionality.  
1.3.1 Capillary Limit - A heat pipe needs to meet certain pressure criterion. The maximum 
capillary pumping pressure must be greater than the sum of the liquid, vapor, and gravitational 
pressure drops [1]. 
gcphephvlc PPPPPP  ,,max,    (1.4) 
9 
 
As the heat flux increases through the device, the liquid and vapor experience greater pressure 
drops due to higher mass flow rates and viscous effects shown in Figure 1.6. The point where the 
sum of the pressure drops equal the capillary pressure is called the capillary limit. It can be seen 
in Figure 1.5 that the capillary limit is nearly constant for a range of temperatures. 
 
 
 
Figure 1.6 Pressure distribution of the liquid and vapor in a heat pipe [1]. 
 
The liquid flowing back to the evaporator in the wick structures and the vapor flowing to the 
condenser experiences a pressure drop due to viscous effects. There is a vapor pressure gain in 
the condenser as the vapor loses mass flow rate. There also exists phase change pressure drops 
located at the interface between liquid and vapor and vice versa. Body forces may affect the 
pressure drop or gain of the liquid and to a lesser extent the vapor, depending on whether the 
forces are in the direction of or against liquid flow. 
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A wicking structure is used to provide a capillary pumping pressure to overcome the sum 
of pressure losses in a heat pipe. Several classes of wicking structures have been developed and 
are shown in Figure 1.7. 
 
   
   
Figure 1.7 Various wicking structures developed for use in heat pipes. 
 
Homogenous Wicks – These consist of one or more multiple layers of a porous screen mesh 
material or sintered powder particles. This wick is characterized by its void fraction, ε, which is 
the fraction of wick cross section area available for fluid flow. The liquid pressure drop in a 
homogenous wick can be found using the relation [1], 
wl
effl
l
KA
mL
P

 
  (1.5) 
Where µl is the dynamic viscosity, Leff is the effective heat pipe length (0.5Le+La+0.5Lc), m is 
the mass flow rate, ρl is the density, K is the permeability of the wick and is dependent on the 
pore size and distribution, and Aw is wick cross sectional area. For wrapped screen wick, the 
permeability and porosity is given as [7], 
 2
3
1122 


 w
d
K
 
(1.6) 
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Where dw is the wire diameter and ε is the mesh porosity defined as the ratio of open volume to 
total volume. The porosity of wire mesh is given empirically as [7], 
4
05.1
1 w
Nd
 
 
(1.7) 
Where N is the mesh number and is the number of wires per unit length. 
Grooved Wicks – There has been much research performed on the theoretical analysis and 
experimental testing of the behavior of capillary liquid flow in micro-scale channels. The general 
expression for the pressure drop in open, grooved wicks is given as [6], 
LN
d
ql
P
l
e
l
l


2
8
  (1.8) 
Where q is the heat transferred, N is the number of grooves, and de is the hydraulic diameter for 
each channel defined as 4A/P.  
Composite Wicks – The wick structure composed of grooves covered by a fine gauze wick is 
called a hybrid or composite wick. It has been found that the fine mesh works to distribute the 
fluid over a larger area thereby promoting evaporation and condensation and the grooves provide 
low friction loss capillary liquid return. The liquid pressure drop for this structure is given using 
the Hagen-Poiseuille relation [6],  
Lr
ql
P
lv
l
l


3
6
  (1.9) 
In this equation, ω is the annular gap width between the wall and the mesh. 
 
1.3.2 Viscous Limit – For some working fluids, metals and cryogenic fluids specifically, as the 
temperature decreases, viscous effects dominate over inertial effects in the flow of vapor. When 
the viscous effects are great enough to stop vapor flow due to the temperature differential along 
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the length of the heat pipe, the viscous limit is reached. The limit of heat transfer due to the 
viscous effect is given by as [1], 
ev
vvfgov
v
L
PhrA
q


16
2
  (1.10) 
Where Av is the cross sectional area of the vapor core, ro is the vapor core diameter, hfg is the 
heat of vaporization, Pv is the vapor pressure, and Le is the evaporator length. 
 
1.3.3 Boiling Limit – When the heat flux entering the evaporator is high enough, nucleate 
boiling will occur. If the resulting vapor bubbles rise up through the wick and flow into the vapor 
chamber, no problems will occur. However, if the vapor bubbles get trapped in the wick 
structure, the flow of liquid will be blocked and cause the evaporator to dry out. This occurrence 
places an upper limit on the operating temperature of the heat pipe. The maximum heat flow for 
the boiling limit of a cylindrical heat pipe is given as [6],    


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 (1.11) 
The effective thermal conductivity of the liquid/wick combination is keff and is different for each 
wicking structure. The radius of the nucleation site is rn. 
 
1.3.4 Sonic Limit - During some operating conditions, the vapor generated at the end of the 
evaporator may reach sonic velocity. In this situation, one may create an analogy between 
converging/diverging nozzles and the evaporator/condenser of the heat pipe as seen in Figure 
1.8. 
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Figure 1.8 Diagram showing the comparison between the flow in a converging/diverging nozzle 
and the vapor flow in a heat pipe [1]. 
 
Along the length of the evaporator section, the mass flow rate, m , increases. This in turn, causes 
an increase in velocity and a decrease in pressure. Under the ideal gas assumption, a drop in 
pressure is directly related to a drop in temperature. Using the definitions of Mach number, sonic 
velocity, the ideal gas relation, and various other thermodynamic property relations, the sonic 
limit of heat flow can be expressed by [6], 
)1(2 

k
LAMaC
q ovs

 (1.12) 
Where ρv is the vapor density, A is the area of vapor flow, Ma is the Mach number, Co is the 
sonic velocity at the stagnation temperature To, L is the evaporator length, and k is the specific 
heat ratio.  
  
1.3.5 Entrainment Limit - In a typical heat pipe, the liquid flows in one direction and the vapor 
flows in the opposite direction. When this occurs at low velocities, there are no problems. 
However, when the relative velocity between the two fluids in high, the inertial forces of the 
vapor is great and tends to break the surface tension of the liquid surface. At this point, small 
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droplets of liquid are picked up in the vapor stream. This phenomenon is called entrainment and 
can be described by the dimensionless Weber number [1],
 
l
v zvWe


2
2
  (1.13) 
The Weber number is the ratio of the inertia of vapor to the surface tension of the liquid. The 
coefficient z describes the wick spacing, v is the velocity, and σl is the liquid surface tension. It 
has been found [1] that when the We>1, entrainment occurs. Using this, one can find the critical 
velocity of the vapor flow as, 
z
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(1.14) 
At values higher than vc, the flow of liquid to the evaporator is decreased and therefore the heat 
pipe will not function at its peak performance. The heat transfer limit based on entrainment has 
been given as [8], 
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(1.15) 
where Av is the vapor flow area, ρv is the vapor density, ρl is the liquid density, g is the 
gravitational acceleration, and d is the diameter. 
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1.4 Literature Review 
The definition of a micro heat pipe was first proposed by Cotter [8] and then later refined by 
Peterson [1] as, 
1
n
c
r
r
 
(1.16) 
where rh is the hydraulic radius of the liquid flow channel (2A/P) and rc is the capillary radius. 
The capillary radius is the average radius of curvature of the liquid/vapor interface. Since this 
definition was established, much work has been published on the theoretical modeling and 
experimental testing of micro heat pipes. This section will discuss various strategies that have 
been used to develop flat heat pipes and the various methods of creating the micro-scale liquid 
wicking structures 
 
1.4.1 Flat heat Pipes  
In 2002, Lin et al. [9] designed, built, and tested a flat micro heat pipe array for use in electronics 
cooling. Their design incorporated wicking structures constructed from a thin copper sheet 
folded to form rectangular grooves. The casing was a rectangular copper box with dimensions 
108 x 13 x 6 mm and with copper grooves 200 μm wide and 1 mm high brazed onto the top and 
bottom inside surfaces. Six heat generating chip resistors were fixed to the sides of the 
evaporator end. Thermocouples were soldered onto each heater and throughout the length of the 
heat pipe. The water fill ratio used to charge the device was 80% of the total volume of the 
grooves. A constant temperature bath kept the condenser isothermal. The heat transfer coefficient 
was calculated to describe the performance of the heat pipe at different power settings. Fourier’s 
law was used to determine the temperature of the inner surface of the evaporator as,  
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Where Te,i and Ti,o are the inner and outer temperatures of the evaporator, Q is the heat 
generated, tw is the wall thickness, Ah is the area of the heater, and kw is the thermal conductivity 
of the wall. Then, the heat transfer coefficient was found as, 
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(1.18) 
Ta is the temperature of the adiabatic section and it remained at approximately 90°C for all of the 
trials. An identical analysis was performed for the condenser section. The resulting heat transfer 
coefficient for the evaporator and condenser are shown in Figure 1.9. 
 
  
Figure 1.9 Plots showing the heat transfer coefficients of the evaporator and condenser sections 
of a flat, copper, micro heat pipe array [9]. 
 
The highest heat flux achieved by their device was 283 W/cm².  
 Identifying the importance of the void fraction on the performance of micro heat pipes, 
Lee et al. [10], built a system to actively monitor the void fraction distribution of flow channels 
during operation. Two, single heat pipes were constructed on a silicon wafer. Heater, capacitor, 
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and temperature sensor arrays were fabricated along the length of the channels using standard 
surface micromachining techniques. The heat pipes were of triangular cross section (20 mm long 
and 100 μm wide) with a hydraulic diameter of 52 μm. The wafer was covered and bonded with 
a glass slide to allow flow visualization. Charging was accomplished by filling the pipe 
completely with water and then allowing it to evaporate until the correct void fraction was 
obtained, then plugging the end with silicon sealant. After an extensive calibration process, the 
sensors and capacitors were used to successfully plot the temperature and void fraction 
distribution over the length of the heat pipe as in Figure 1.10. 
 
    
 
Figure 1.10 Temperature and void fraction distribution measured using capacitance in a micro 
heat pipe [10]. 
 
It can be seen that the operating temperature increased with power input and that the void 
fraction decreased dramatically at a specific point located in the adiabatic region. 
In a similar experiment Le Berre [11], fabricated and tested a rectangular array of 20 mm 
long micro heat pipes fabricated in a silicon wafer. Two styles of channel were used; one was a 
small triangular groove that was 230 μm wide and 170 μm high. The other was a larger triangle 
500 μm wide and 340 μm high. The latter design also incorporated a triangular liquid return 
artery situated below the main channel. These structures are shown in Figure 1.11.  
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Figure 1.11 a) Channels with a width and height of 230x170 µm. b) Channels with dimensions 
500x340 µm with liquid artery return channels [11]. 
 
The etched channels were then covered with another Si wafer and bonded by heating to 1100 °C 
for one hour. The channels were charged with methanol and ethanol using a vacuum system. The 
evaporator was heated with a polysilicon heating element and the condenser was cooled with a 
constant flow of cooling water. T-type thermocouples were fixed along the length of the channel 
with Kapton tape. It can be seen in Figure 1.12a that the single triangular groove had little or no 
effect on the temperature distribution of the wafer.  
 
a)  b)  
Figure 1.12 a) Temperature distribution of heat pipes formed from triangular grooves etched in a 
silicon wafer that did not contain a liquid return artery. b) Heat pipe containing a liquid return 
artery showing an effective temperature drop of approximately 2K [11]. 
 
However, the channels containing the liquid return artery show a maximum temperature drop of 
about 2 K when compared with the empty channel. 
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A flat micro heat pipe was developed and tested by Gillot et al. [12]. Their heat pipe was 
fabricated from three fused layers of silicon wafer. The top and bottom contained plasma etched 
rectangular capillary channels with a width of 90 μm and height of 115 μm. The middle wafer 
had an empty rectangular space in the center to allow vapor flow and it also had slices on the 
inside edge to match the etched grooves on the top and bottom as can be seen in Figure 1.13.  
a)  b)  
Figure 1.13 a) Three layer, flat, micro heat pipe fabricated from silicon wafers [12]. b) Thermal 
resistance as a function of power at different cold plate temperatures [12]. 
 
Thermal assessment was accomplished by fixing a heat source on the top and a cold plate on the 
bottom and reading the temperature measurements from an IR thermal imaging system. Charging 
was performed by simply injecting various quantities of water through a filling hole. There was 
no evacuation before liquid charging. The thermal resistance was calculated with, 
Q
TT
R condenserresistorth


 
(1.19) 
The resulting plots of thermal resistance with power can be seen in Figure 1.13. The device 
dissipated up to 30 W of power before an increase of thermal resistance. 
Carbajal et al. [13] published a study of the transient behavior of a flat heat pipe with a 
non-uniform heat flux. The heat pipe was 56x56 cm
2
 square and 6 cm thick. The casing material 
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was copper sheets, the wicking structure was open-cell nickel foam, and the working fluid was 
water. The heat was applied in the center of the plate with a propane torch. An IR camera was 
used to obtain the temperature distribution of the back side of the heat pipe. Also, the back panel 
was painted black to improve the radiative heat transfer and it was also subject to convective 
cooling. The numerical analysis was divided into three parts; wall, wick and vapor core. The wall 
was treated with pure conduction with the unsteady heat conduction equation without generation. 
t
T
cTk p


   (1.20) 
The wick was treated with three governing equations. The first was the incompressible 
conservation of mass of a liquid. 
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This was applied to the liquid flow in the wick. Next, the flow was characterized with the x and y 
momentum equations corrected with three additional terms. 
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The porosity of the mesh is φ.   The third through fifth terms on the right account for the high 
velocity, non-linear flow through porous mediums (Darcy relation) made up of porous particles 
and K is the permeability and r is the capillary radius. The unsteady thermal energy balance 
relation is, 
)( TkTvc
t
T
c l 


 (1.23) 
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The vapor core is governed by a similar set of equations with a few exceptions. Compressibility 
is included in the conservation of mass and in the momentum equations, the Darcy, Brinkman, 
and Forchheimer terms are excluded. Appropriate boundary conditions were applied and the 
system was solved with a time step of 0.00001 sec. The numeric results were compared to the 
experimental results and can be seen in Figure 1.14. 
 
a)   b)   c)  
Figure 1.14 a) Numerical and experimental temperature distribution on the back surface. b) 
Temperature distribution of the back of a solid plate. c) Temperature distribution of the back of 
the heat pipe [13]. 
 
The results of the numerical and actual temperature distributions tended to be very close. A final 
comparison was made between the temperature distributions of the back surface of the heat pipe 
and that of a solid plate with no internal structure. These can also be seen in Figure 1.14. 
Jeung Sang Go [14] constructed a flat plate  micro heat pipe (vapor chamber) using 
aluminum casing, stainless steel wicking channels, and acetone as the working fluid. The 150 µm 
wide liquid wicking channels in the stainless steel were formed with dry photolithography and 
wet etching from both sides of the sheet as seen in Figure 1.15. 
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Figure 1.15 Geometry of wet etched stainless steel channel wicking structure [14]. 
 
The channels formed a radial pattern from the center where the heater was located. The casing 
and copper charging tube were assembled with welding. Charging was accomplished by 
injecting a predetermined quantity of acetone with a micro-syringe and immersing the device in 
liquid nitrogen to freeze the liquid. A vacuum of 10
-3
 torr was then applied to remove non-
condensable gasses. Then the copper tube was sealed mechanically. A ceramic heater imbedded 
in a copper block was used to supply heat to the evaporator. Thermocouples were mounted to the 
evaporator, condenser, and the ambient environment to calculate the total, evaporator, and heat 
sink thermal resistances, 
in
e
total
q
TT
R 


      in
ce
evap
q
TT
R


        in
a
hs
q
TT
R 


 
(1.24 a,b,c) 
where Te, T∞, Ta, and Tc are the evaporator, ambient, adiabatic, and condenser temperatures 
respectively. The vapor chamber was tested horizontally and vertically and showed a 
performance decrease of 0.05 K/W in the vertical orientation due to dry-out of the top half of the 
device.  
 In 2000, Wang and Vafai [15] built and tested a relatively large 19 x 14 x 3.5 cm copper 
flat plate heat pipe shown in Figure 1.16. Sintered copper powder served as wicking structure 
lining the case and connecting the top and bottom surfaces. The pore radius was 31 µm at 50% 
porosity and a permeability of 7x10
-12
 m
2
.  
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Figure 1.16 Illustration of the flat plate heat pipe tested by Wang and Vafai [15]. 
 
A 14 x 6 cm flexible heater was placed on the top center and condenser regions existed on the 
sides adjacent to the heater and on the bottom surface. Thirty thermocouples lined the top and 
bottom surface and were bonded inside a groove with high thermal conductivity cement. The 
main objective of this work was to determine the condensation heat transfer coefficient 
experimentally and to introduce a time constant to describe the transient start-up response of a 
heat pipe. Over a range of heat fluxes from 0.02 W/cm
2
 to 0.2 W/cm
2
, the condensation 
coefficient was constant at about 12.4 W/m
2
·K. It was also found that the external temperature of 
both the evaporator and condenser increased linearly with increasing power input. Finally, it was 
found that the largest thermal resistance could be found in the wick and that it increased 
significantly at higher heat loads. 
 Boukhanouf et al. [16] presented a method to determine the performance of a flat plate 
heat pipe (vapor chamber) in terms of a spreading thermal resistance Rs. This quantity is 
calculated as, 
in
evapheater
s
Q
TT
R

  (1.25) 
If the heater temperature is smaller than the evaporator surface in this relation, Rs describes the 
uniformity of the temperature on the evaporator surface. The copper vapor chamber shown in 
24 
 
Figure 1.17 was 25 x 20 cm
2
 and 5mm thick and used a 40 µm sintered copper powder wick 
structure with 50% porosity and 1.5 x 10
-11
 m
2
 permeability.  
 
 
 
Figure 1.17 Schematic diagram of Boukanouf’s copper flat heat pipe [16]. 
 
A cartridge heater inserted into a 10 x 15 cm
2
 aluminum block served as the heat source. The 
condenser was cooled with a forced air cooled heat sink. An infrared camera was used to 
determine the temperature distribution on the evaporator surface. An air filled heat pipe and a 
copper plate were also tested for comparison. At 40 W/cm
2
 heat flux input, the temperature 
variation of the evaporator was approximately 5K, whereas the air filled heat pipe and copper 
reference sample were about 50K. The best thermal spreading resistance was 0.0007 K/W 
compared to 0.035 K/W for the air heat pipe and 0.027 K/W for the copper plate.  
 In 2008, Lim et al. [17] reported a small flat micro heat pipe capable of transferring up to 
12 W with a thermal resistance of 5.1 K/W with no change on performance with tilt angle. This 
was accomplished by creating “fan” shaped high aspect ratio liquid flow channels in copper 
using laser ablation as seen in Figure 1.18. 
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Figure 1.18 Cross section image of capillary wicking channels formed in copper by laser 
ablation [17]. 
 
The angle at the top of the channel was 24º and tapered down to 4º at the bottom. Channels were 
formed on the top and bottom copper plates and the assembly was welded together with a copper 
frame in the center. To assess the effect of tilt angle, the power input was adjusted to maintain a 
constant evaporator temperature of 120ºC. The device transferred 8.0 W at all orientations except 
for 90º (evaporator on the bottom) where it transferred 8.5 W.  
 Cao et al. [18] reported the results of fabricating and testing two flat miniature heat pipes 
using electrodischarge machining (EDM) to create grooved wicking channels. The longitudinal 
grooves  with widths of 120 µm and 100 µm and height of 250 µm were formed into the surface 
of the top and bottom copper plates. The method of assembly was not stated, but it was most 
likely welded. The completed heat pipes were cleaned with an unspecified solution, evacuated to 
8x10
-4
 torr, then charged with water using the syringe method. K type thermocouples were 
distributed along the length to determine the temperature distribution. Heat was input at different 
levels ranging from about 5 to 30 Watts. The condenser was cooled with water at temperatures 
ranging from 60ºC to 95ºC. The results are presented as the ratio of effective thermal 
conductivity of the heat pipe to the theoretical performance of copper with equivalent 
dimensions (assuming kCu=380 W/m·K). Based on the total cross sectional area, the ratio 
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Keff/KCu was in the range of 50. Using the vapor space only, the ratio of Keff/KCu was in the range 
of 150. The devices were also tested vertically with gravity assistance where the evaporator was 
located on the bottom and the performance was improved as expected. Figure 1.19 shows two 
typical results found in this work. 
 
 a) b)  
 
Figure 1.19 a) Temperature distribution along the length of the tested heat pipe [18]. b) Effective 
thermal conductivity as a function of power input [18]. 
 
The temperature difference in Figure 1.19a between the evaporator and condenser sections 
increased with increasing power input while the effective thermal conductivity shown in Figure 
1.19b decreased with increasing power input. 
The report presented by Esarte and Domiquez [19] is a study of using a heat pipe in 
vertical orientation to transfer heat from a refrigeration unit to a Peltier cooler. Their heat pipe 
initially used 60 µm sintered copper particles as the wick just covering the evaporator section on 
one side of the plate. The condenser section, cooled with the thermoelectric cooler (TEC), 
contained no wick structure and relied solely on gravity to return the condensate to the 
evaporator surface. Performance was determined with a standard thermal resistance based on Te-
Tc and qin. With a heat input of 16 W over the side area of 25.8cm x 17.6cm (0.035 W/cm
2
), the 
lowest thermal resistance achieved was 0.16 K/W, compared to an aluminum reference sample 
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that resulted in 0.163 K/W. It was determined that the bottleneck of heat flow was the thermal 
resistance of the condenser surface. 
 In a paper presented at the Inter Society Conference on Thermal Phenomenon in 2002, 
Shimura et al. [20] discussed the results of assessing a flat aluminum heat pipe using 
cyclopentane as the working fluid as a replacement for hydro chlorofluorocarbon (HCFC) fluids. 
The wicking structure was composed of longitudinal wires and the heat pipes were 18 x 6 x 1.9 
cm. A polymer heater was used to supply up to 14 W over an area of 18 cm
2
 for a maximum heat 
flux of 0.78 W/cm
2
. The thermal resistance shown in Figure 1.20a at the horizontal orientation 
increased from 0.2 K/W at 3 W input to 1.3 K/W at 14 W input. 
 
a)    b)  
 
Figure 1.20 a) Thermal resistance as a function of heat input of an aluminum/cyclopentane HP 
[Shimura 2002]. b) Thermal resistance as a function of tilt angle [20]. 
 
 
The thermal resistance increased dramatically in Figure 1.20b as the device was tilted to 45º 
where it resulted in 2.3 K/W at 2 W input which indicates a weak capillary pressure. Reliability 
testing was performed by observing the behavior of the device over 1700 hours of operation. The 
performance degraded and then leveled at 900 hours indicating trace amounts of water in the 
working fluid reacting with the aluminum to form hydrogen gas. 
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The company Amec Thermasol [21] currently manufactures the product called “Flat Cool 
Pipes” which are flat aluminum heat pipes with acetone as the working fluid. The typical 
dimmensions of this device are 12.5 x 2.3 cm
2
 and 1.2 mm thick and the device is bendable to 
configure the heat source and heat sink in different planes as shown in Figure 1.21. 
 
 
Figure 1.21 Flat aluminum heat pipe with acetone as the working fluid manufactured by Amec 
Thermasol [21]. 
 
It can be seen that the heat source in this image is located on the printed circuit board and the 
heat is transferred to a perpendicular plane heat sink. The thermal performance assessment of the 
device is shown in Figure 1.22a.  
 
 a)  b)  
Figure 1.22 a) Temperature difference of the Amec Thermasol heat pipe with heater 
temperature. b) Maximum heat transferred by the device with tilt angle [21]. 
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The temperature difference between the evaporator and condenser, ΔT, remained level as the 
heater temperature increased while a sample of solid aluminum increased linearly with heater 
temperature. Figure 1.22b shows the maximum heat transferred and thermal resistance of the 
device at various tilt angles. The maximum power transfer increased with tilt angle where gravity 
was assisting while the thermal resistance remained constant with tilt angle. 
 A group of researchers recently fabricated a flat heat pipe on a silicon wafer using carbon 
nano-tubes as the liquid wicking structure [22]. The wick was structured at the nano-scale where 
the carbon tubes were small in diameter with small spacing and also on the micro-scale where 
the array of tubes formed grooves as shown in the photos in Figure1.23. 
 
 
 
Figure 1.23 Bi-Scale carbon nano-tube wick structure used in a flat heat pipe [22]. 
 
The assembled device was able to transfer 24 W of thermal energy with a relatively high heat 
flux of 600 W/cm
2
 at 0 g acceleration.  
 Also recently published [23] was the development and thermal assessment of a flat plate 
oscillating heat pipe as shown in Figure 1.24. 
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Figure 1.24 Serpentine grooves machined in a copper block to form the flow structure of a flat 
oscillating heat pipe [23]. 
 
Unlike conventional heat pipes, an oscillating heat pipe does not rely on a liquid wicking 
structure to return the condensate back to the evaporator. Instead, the pressure developed by the 
vapor pushes the liquid through the serpentine channels and liquid/vapor slugs are produced. If 
optimized correctly, the location of fluid in the channel oscillates and allows the vapor to 
eventually reach the condenser. This particular oscillating heat pipe was able to transfer 100 W 
of thermal power with a heat flux of 33 W/cm
2
 at 10 g acceleration. 
 Another example of a flat plate heat pipe was developed by de Bock et al. [24].  This 3 x 
3 cm
2
 device used a traditional sintered copper powder wicking structure shown in an SEM 
image in Figure 1.25. 
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Figure 1.25 SEM image of sintered copper powder used as the wicking structure of a flat heat 
pipe [24]. 
 
The particles, which seem spherical, were approximately 50 μm in diameter. The assembled 
device was reported to transfer 45 W of thermal power with a heat flux of 15 W/cm
2
 at 10.5 g 
acceleration.  
 The final device to be discussed in this section is another 3 x 3 cm
2
 flat plate heat pipe. 
The device developed by Nam et al. [25] used a hexagonal array of cylindrical micro pillars as a 
wicking structure and an SEM image is shown in Figure 1.26. 
 
 
 
Figure 1.26 Electroplated cylindrical copper pillars with nano-structured surface forming the 
wicking structure of a flat heat pipe [25]. 
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The pillars were 50 μm diameter and were formed with electroplating copper through a thick 
layer of photo resist. The surface of the pillars were then treated with chemical oxidation  to form 
a nano textured surface which was found to promote wettability of water on the surface. The 3 x 
3 cm
2
 device was able to transfer a heat flux of 300 W/cm
2
 at 0 g acceleration for an effective 
thermal conductivity of 900 W/m∙K. 
 
1.4.2 Non-Metallic Heat Pipes 
Traditionally, heat pipe manufacturers utilize metallic cases on their devices for strength, 
inertness, hermeticity, machinability, and foe high thermal conductivity. Some drawbacks of 
metallic cases are ridgity, large mass, relatively high monetary cost, and in some applications, 
electrical conductivity. Polymer based heat pipes have the potential to overcome these 
drawbacks. 
Furukawa Electric Company developed a commercial product called Pera-flex [26]. This 
device was introduced in 2004 and claimed to deliver 4-8W of thermal power with a thermal 
resistance of 1.3 K/W in a 0.8mm thin package. The device’s planar area shape was customizable 
to consumer demands as seen in Figure 1.27.  
 
 
 
Figure 1.27 Furukawa Pera-Flex ultrathin sheet heat pipe [26]. 
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The package was also flexible with the casing composed of a thin metal foil and the wicking 
structure had received a proprietary surface treatment to improve capillary action. At the time of 
this writing, Pera-Flex is no longer produced. 
 In 2001, McDaniels et al. [27] presented modeling that predicted the performance of a 
flat, flexible, polymer heat pipe with a grooved wicking structure shown in Figure 1.28 to be 
approximately 740 W/m·K.  
 
 
 
Figure 1.28 Grooved polymer film used as a potential wicking structure in a flat heat pipe [27]. 
 
 
Their application was for flexible radiators in the space industry and the technical issues they 
encountered were liquid and gas diffusion through the polymer and billowing of the flexible 
material due to pressure differentials. Wang et al. [28] modeled the capillary evaporation of the 
same axially grooved polymer wick. Hilderbrand et al. [29] attempted to utilize the same 
polymer wick material for medical application in treating neocortical epilepsy. 
A flat heat pipe was fabricated and tested by Wits in 2006 [30]. The objective was to use 
PCB materials and techniques to produce a thermal management substrate for electrical heat 
generating components. Thermal vias were used in the evaporator and condenser to overcome 
the high thermal resistance of the polymer PCB material. Vias were also placed periodically 
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along the length of the device to accurately monitor temperatures. Electroplated structures were 
used to heremetically seal the device against gas and liquid permeation for reliable prolonged 
use. The grooved wick structures shown in Figure 1.29 were electroplated using a 
photlithography technique and chemically oxidized to enhanse wetting.  
 
Figure 1.29 Copper electropleted gooves formed on a PCB using photo defined features [30]. 
 
With a resistor serving as a heat source, 2-12 W was supplied to the evaporator. Performance 
was quantified using three methods: equivalent thermal conductivity,  
AT
LQ
k teq


  (1.26) 
thermal resistance,     
Q
T
Rth

  (1.27) 
and the temperature distribution. In the horizontal orientation, keq was 3080 W/m·K and Rth was 
1.4 K/W with 10 W input. In the vertical orientation (evaporator on the bottom), keq was 4430 
W/m·K and Rth was 1.0 K/W. 
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2. Thermal Ground Planes 
The goal of this project was to demonstrate the fabrication and effectiveness of a flat micro heat 
pipe using polymer film and micro-scale liquid wicking structures. The device may be referred to 
a flexible thermal ground plane (FTGP). Liquid crystal polymer (LCP) film was chosen as the 
casing material. Copper filled thermal vias were imbedded in the evaporator and condenser 
sections of the LCP to decrease the thermal resistance through the casing. A hybrid wicking 
structure was used and formed by bonding a woven copper mesh to the top surface of liquid flow 
channels. The mesh served to increase the capillary pressure and also increase the evaporation 
and condensation surface area. The LCP/copper wicking structure was assembled onto an FR-4 
or copper frame and topped with a glass slide (to allow flow visualization during operation) or 
another LCP/wicking sample to increase the condensation area.  
The concepts for the FTGP are as follows. 
1. A polymer heat pipe casing has the advantage of being flexible, light weight, and 
inexpensive, but it has a severe disadvantage in its lack of hermeticity. It was proposed to 
utilize an atomic layer deposited (ALD) coating to achieve a hermetic polymer casing 
material for the heat pipe.  
2. The wicking structure was to be fabricated as a micro/nano hybrid structure. Square 
copper micro-pillars form liquid flow channels for decreased liquid pressure loss. The 
micro-pillars were to have copper nano-wires on the top surface and a nano-scale 
perforated copper mesh film bonded to the nano wires. This nano-scale geometry is 
believed to cause a significant improvement in the evaporation and condensation heat 
transfer coefficients. Also, ALD TiO2 and/or SiO
2
 were to be utilized on the wicking 
structures as a super-hydrophilic coating that would enhance wetting of the wick and 
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increase the capillary limit of the device. 
3. The goal of the FTGP was to create a device that can serve as a flexible printed circuit 
board and a thermal management system for high heat flux components. When integrated 
circuits are bonded to a PCB, the mismatch of thermal expansion coefficients (CTE) must 
be considered. The solution proposed was to utilize a “dummy” chip between the heat 
generator and the FTGP to decrease the CTE mismatch between adjacent components. 
4. Networks of thermal resistances can be used to model the performance of heat pipes. One 
of the more significant of these resistances is that of the liquid-wick combination in the 
evaporator and condenser regions. This resistance is dependent on the effective thermal 
conductivity (keff) of the liquid and wick combination. As opposed to sintered powder 
wicks which have a low keff because of the point contact between particles, grooved 
wicks exhibit high keff because the continuous nature of the solid metallic grooves. 
5. One method of determining the performance of a heat pipe is to measure its effective 
thermal conductivity. This may be roughly determined with Fourier’s law for simple 
geometries such as cylinders or squares. This simple method becomes inaccurate for the 
more complicated geometry of a flat plate heat pipe where the heat is spread and 
transferred two dimensionally. The goal for the FTGP device was to achieve an effective 
thermal conductivity of at least 500 W/m·K at 10g adverse acceleration. 
6. There are some applications that not only require large heat flux removal, but also 
demand light weight, large area, and flexibility. As mentioned previously, LCP is the 
chosen material for the FTGP because of its flexibility, its durability, and its standardized 
use as a PCB material. The aim was to use low cost fabrication techniques that are 
already standardized in the printed circuit board industry to create a thermal ground plane 
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with a thickness less than 3 mm, and area of 30 x 30 mm
2
, and mass less than 20 g. 
7. A well designed heat pipe should operate for many years without failure. Improper 
combinations of liquids and casing materials may result in generation of non-condensable 
gasses in the device leading to decreased performance. Also of importance especially in a 
device used in close proximity to human contact is the toxicity of the materials. Many 
working fluids are severely harmful (ammonia, CFCs, etc).  Water was chosen as the 
working fluid of the FTGP because of its high thermal characteristics, its safety, and its 
applicability in the temperature range of 10ºC to 95ºC. The duration goal set for the 
device was greater than 100 hr. 
In this chapter, the fabrication details of the copper filled thermal vias and hybrid liquid wicking 
structure are discussed. That is then followed by the methods developed for assembly, cleaning, 
and charging of the device. Then, in Chapter 3, the experimental testing protocol and apparatus is 
discussed along with the results of the FTGP performance under various power inputs and in 
both the horizontal (0g acceleration) and the vertical orientation (1g acceleration) and up to 10g 
acceleration. 
 
2.1 Overall TGP Geometry  
The overall geometry of the thermal ground plane was in one of two configurations. The 
rectangular thermal ground plane device was 3 x 6 cm
2
 and 1.5 mm thick overall outer 
dimensions while the square device was 4 x 4 cm
2
 and 1.5 mm thick. The rectangular TGP had a 
vapor space planar area of 2cm x 5cm with a 1mm thickness as seen in Figure 2.1. 
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Figure 2.1 Diagram of the cross sectional and bottom view of the rectangular polymer based 
thermal ground plane (TGP). 
 
 
The square device had a vapor space area of 3cm x 3cm with a 1mm thickness as shown in 
Figure 2.2. The frame structure was 5mm wide all around and contained a copper charging tube 
mounted at the evaporator end. The LCP wicking structure was bonded to the bottom surface of 
the frame and a glass slide, LCP, or copper sheet was bonded to the top of the frame.  
 
 
 
Figure 2.2 Geometry and internal structure of the square TGP used for acceleration assessment. 
 
 
The effective length of the TGP is roughly the center to center distance of the evaporator and 
condenser and is also shown in Figures 2.1 and 2.2. 
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caeeff LLLL 5.05.0   (2.1) 
Both the rectangular and square TGPs had an area evaporator area of 8 x 8 mm
2
 and a condenser 
area of 20 x 20mm
2
. However, the rectangular TGP contained thermal vias only on the 
evaporator and condenser areas while the square TGP contained thermal vias over the entire 3cm 
x 3 cm
2
 area. 
The liquid wicking structure consisted of rectangular grooves of width ω and height δ 
formed with electroplated copper through SU-8 photoresist. The grooves were then topped with 
#200 woven copper mesh as seen in Figure 2.3 forming a hybrid wicking structure. 
 
  
 
Figure 2.3 Geometry of the hybrid wicking structure of the TGP consisting of woven copper 
mesh bonded to the top surface of the copper pillars.  
 
 
The properties of the woven copper mesh are given in Table 2.1. 
 
 
Table 2.1 Properties of the woven copper mesh used as a liquid wicking structure and 
evaporation/condensation surface. 
 
Mesh Properties 
Wire Diameter dw = 0.002 inches = 50.8x10
-6
 m 
Wire Spacing w = 0.003 inches = 76.2x10
-6
 m
 
Mesh Number N = 200/inch = 7874/m 
Overall Thickness t=102x10
-6
 m 
Copper Thermal Conductivity kCu=390 W/m·K 
Porosity (parallel direction) ε = 0.670 
Permeability K = 5.84 x 10
-11
 m
2 
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The working fluid was distilled, de-gassed water and the average fluid temperature was 
approximated to be 40°C with the associated fluid properties given in Table 2.2. 
 
Table 2.2 Properties of water at 40°C [5]. 
 
Water Properties @ 40ºC (313 K) 
Heat of Vaporization λ=2402 KJ/kg 
Liquid Density ρl=992.1 kg/m
3 
Vapor Density ρv=0.05 kg/m
3
 
Liquid Viscosity µl=650x10
-6
 N·s/m
2
 
Vapor Viscosity µv=10.4x10
-6
 N·s/m
2
 
Surface Tension σ=70x10-3 N/m 
Thermal Conductivity  kw=0.645 W/m·K 
 
This temperature of 40°C was chosen as an approximate average value between room 
temperature 23°C and the expected operating temperature of 60°C. 
 
2.2 Micro Fabrication 
TGP fabrication is separated into four processes. The first is the micro-scale fabrication of the 
copper filled thermal vias. The second is fabrication of etched liquid wicking structures. The 
third is the fabrication of high aspect ratio liquid wicking structures. The fourth is the assembly 
of the hybrid wicking structure. 
 
2.2.1 Copper Filled Thermal Vias 
Fabrication of the TGP began with 100 µm thick liquid crystal polymer (LCP) film with 18 µm 
copper thermally bonded to both sides [Rogers Corp., Ultralam 3850] as in Figure 2.4a.  
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Figure 2.4 Main steps of the fabrication of copper filled thermal vias and etched liquid flow 
grooves on liquid crystal polymer film. 
 
Since the thermal conductivity of LCP is relatively low (0.2 W/m·K), copper filled thermal vias 
were formed through the polymer to enhance heat transfer through the casing. The copper 
thermal vias used on the TGP had a diameter of 200 µm and their placement defined the 
evaporator and condenser sections of the rectangular device. Thermal vias with various other 
geometries (50 µm and 100 µm) were fabricated, but it was found that the degree of undercutting 
during the etching process caused the vias to meet under the copper. A via diameter of 200 µm 
was found to offer satisfactory performance.  
To begin the process, a 4 x 8 cm
2
 sample of the copper/LCP/copper film was fixed to a 4” 
silicon wafer with adhesiveless semiconductor tape. The wafer was used to provide the rigidity 
required for spin coating onto a sample. A 10µm layer of positive AZ-P4620 photoresist (PR) 
was spin coated on the copper and a negative image of the desired vias were patterned on the PR. 
For this device, the evaporator was 8 x 8 mm
2
 and the condenser was 20 x 20 mm
2
. The 200 µm 
diameter vias were patterned in a hexagonal array with 200 µm spacing as seen in Figure 2.5a.  
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a)       b)  
 
Figure 2.5 a) Magnified photograph of the 200 µm diameter via etch mask formed in the top 
layer of copper on the LCP using photolithography and wet etchant. b) Cross section view of the 
RIE processed LCP. 
 
The exposed via holes on the top copper layer were etched through with liquid copper etchant 
[Transene CE-100] as in Figure 2.4b. The next step used reactive ion etching (Plasmatherm 
540/540 Dual Chamber RIE) to cut the vias through the LCP film using plasma with 16 sccm of 
CF4 and 4 sccm of O2. In large scale manufacturing, laser ablation may be used to form these 
vias in the PCB film. The etched top copper layer can be seen in Figure 2.5b and it served as an 
etch mask, while the bottom layer of copper served as an etch stop as in Figure 2.4c. It required 
approximately 9 hours for the RIE process to cut through the 100 µm thick LCP.  
The next step was the removal of the top layer of copper with wet etching. Although not 
shown in Figure 2.4d, the copper on the bottom of the via hole was protected from the etchant by 
applying PR and then using vacuum pressure to draw the PR layer into the vias. The back side of 
the sample was protected with adhesiveless polymer film tape. The protective PR layer was 
removed with acetone and the plasma oxidized copper was cleaned with 10% H2SO4 solution. 
The vias were then back filled with copper from the bottom up using a copper electroplating 
process. The copper was allowed to over-plate above the top LCP surface to form a continuous 
pad for the evaporator and condenser sections as shown in the top of Figure 2.4e. The top of the 
thermal vias were then mechanically polished flat to approximately 50 µm thick as shown in the 
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top of Figure 2.4f. 
 
2.2.2 Wet Etched Flow Grooves 
The liquid wicking grooves were fabricated as square copper micro pillar structures. The first 
step to create the etched pillars was to electroplate an additional 82 µm of copper on the bottom 
layer of 18 µm copper for a total thickness of 100 µm. The initial geometry of the channels was 
longitudinal grooves on the surface which all curved into the evaporator region as shown in 
Figure 2.6. 
 
 
Figure 2.6 Initial design of the liquid flow channels were longitudinal grooves curving into the 
evaporator. 
 
The logic behind this groove geometry is that the continuous grooves would provide a stronger 
capillary pumping pressure and that all of the condensate would have a return path to the 
evaporator. It was later decided that a homogenous square pillar wicking structure would also 
provide efficient return of liquid to the evaporator and would allow placement of the evaporator 
at any location on the TGP. The square micro pillars were patterned with positive PR and 
photolithography, using the same technique as for the copper via mask formation. Several 
different pillar geometries were tested in this device including 200 µm, 100 µm, or 50 µm wide 
square pillars which covered either 25%, 50%, or 75% area. These geometries of the 200 µm 
pillars are shown in Figure 2.7.  
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Figure 2.7 Images of the three different pillar coverage geometries used for the TGP. 
 
 
The detailed geometry of all nine configurations is shown in Table 2.3.   
 
Table 2.3 Detailed geometry of the nine pillar and groove configurations used for the TGP. 
 
Pillar Width Groove Width 
75% Coverage 
Groove Width 
50% Coverage 
Groove Width 
25% Coverage 
200 µm 31 µm 83 µm 200 µm 
100 µm 16 µm 41 µm 100 µm 
50 µm 8 µm 21 µm 50 µm 
 
 
Once the PR pattern was developed, the copper channels were wet etched to a depth of 67 µm 
and can be seen schematically in the bottom of Figure 2.4f. An unfortunate result of using wet 
etching to form the liquid flow grooves is undercutting of the PR and the consequent round 
geometry at the base of the groove due to the isotropic quality of the etchant. It was found that 
etching to a depth greater than 67 µm resulted in complete under cutting of the PR for the small 
pillar width of 50 µm. A scanning electron image of the top of 200 µm wet etched pillars is 
shown in Figure 2.8. 
50% Coverage 75% Coverage 25% Coverage 
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Figure 2.8 Scanning electron microscope (SEM) image of the copper wet etched 200µm wide 
67µm high liquid wicking pillars [31].  
 
This image shows a pillar coverage ratio of 25% and the rough texture at the base of the pillars is 
due to the effect of the wet etching process. 
 
2.2.3 High Aspect Ratio Flow Grooves 
Previous research has demonstrated that forming sharp corners at the base of micro-channels has 
been shown to greatly enhance capillary pumping ability compared to larger radius corners 
formed by a process such as isotropic wet etching [32].  The process of electroplating metals 
through a photo-definable polymer was developed in the early 1980s with what is called in 
German the  Lithographie (lithography), Galvanoformung (electroplating), Abformung 
(molding) process, or LIGA [33]. Since then, the process has spread to other applications besides 
the enrichment of Uranium. Recently, a similar process has been applied to the fields of fluid 
mechanics and micro-electrical mechanical systems (MEMS) to form liquid flow channels and 
capillaries. Some sample structures may be seen in Figure 2.9.  
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a)       b)   
Figure 2.9 Thick PR/Electroplating. a) SU-8 pillars [34].  b) 130 µm high 50 µm diameter 
electroplated structures using JSR photoresist [35]. 
 
The first image was created using a photo-definable epoxy commonly called SU-8. Figure 2.9b 
shows similar structures created with a thick photo-resist layer. The advantage of PR over SU-8 
is the ease of removal after the electroplating process. SU-8 requires very strong solvents and 
special processing to remove as opposed to PR which requires simple solvent to dissolve the 
material.  
A process to form high aspect ratio micro grooves from square copper pillars has been 
developed for the TGP device. The substrate on which this structure was formed was 100 µm 
thick liquid crystal polymer film with 18µm copper thin film on both sides (Roger’s Corp. 
Ultralam 3850) shown schematically in Figure 2.10a. 
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Figure 2.10 Fabrication process for the hybrid wicking structure composed of high aspect ratio 
copper pillars and bonded woven mesh for the flat heat pipe heat spreader. 
 
This flexible substrate was bonded to a rigid 10 cm diameter silicon wafer to hold it flat for 
processing. First, a 50 nm layer of Microchem Omnicoat was spin coated onto the substrate. This 
layer allowed later removal of the next layer of 100 μm thick epoxy-based negative photoresist 
(Microchem SU-8) as in Figure 2.10b. The SU-8 and Omnicoat were patterned to form 200 μm 
wide pillar molds with 31µm spacing (Figure 2.10c). After O2 plasma treatment to clean the now 
exposed copper surfaces, pillars were formed through the SU-8 mold with a copper 
electroplating process (Figure 2.10d). The electroplating process was optimized to create 
uniform high aspect ratio micro-pillars that are not over-plated beyond the height of the SU-8 
layer. The bulk of the SU-8 was then softened and released by immersion in Microchem 
Remover PG (Figure 2.10e). Even after prolonged exposure to the Remover PG, some residue of 
SU-8 still remained. The remainder was then completely removed through SF6/O2 reactive ion 
etching. The result was high aspect ratio micro-pillars with very small radius corners at the base.  
 The next step was to bond the woven copper mesh to the top surface of the pillars which 
begun by filling the grooves completely with an easily removable photoresist (AZ-P4620) as 
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shown in Figure 2.10f. After filling the grooves, the top surface was finely polished to expose 
just the top surface of the pillars. The woven copper mesh, with wire diameter of 51 µm and 
spacing of 76 µm, was then applied to the sample, pressed with uniform pressure, and bonded 
with another copper electroplating process as in Figure 2.10g. The application of PR in the 
grooves ensured that the desired sharp base corners remained intact during electroplating. This 
plating process occurred just long enough for the mesh to strongly bond to the top pillar surface 
but not long enough that the mesh geometry was severely altered. The final step was to 
completely dissolve the PR from the inside of the channels with solvent as in Figure 2.10h. 
The pillars fabricated by the electroplating and SU-8 molding method described above 
resulted in very sharp corners at the base of the channels which is most desirable for liquid 
capillary wicking. Finally, the copper filled thermal vias are fabricated as described previously 
 An initial attempt at forming high aspect ratio patterns in thick SU-8 is shown in Figure 
2.11. 
 
 
 
Figure 2.11 SU-8 100 µm squares, 50 µm spacing, 110 µm thick. 
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The SU-8 thickness was 110 µm and the patterns formed had 50 µm spacing. The adhesion was 
very poor due to the lack of proper cleaning and treatment of the copper surface. A cross section 
view of another thick PR attempt may be seen in Figure 2.12. 
 
 
a)      b)   
 
Figure 2.12 a) Side view of the first attempt at processing 100 µm holes in SU-8. b) Close view 
of the same sample. 
 
Notice the under cutting of the SU-8 that is believed to be caused by the large scattering effect of 
the copper substrate. After several optimizing steps, the SU-8 processing was successfully 
processed. Copper structures of up to 100 µm thick have been created with aspect ratios of up to 
2. During the SU-8 removal, there can be seen remnants of the PR on the right of Figure 2.13. 
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a)      b)  
Figure 2.13 a) Cross section and b) scanning electron image of 50 µm wide copper pillar 
wicking structures formed by electroplating through a 100 µm SU-8 mold. 
 
A combination of heat, ultrasonication, and RIE was used to remove all traces of SU-8 residue. 
Wide pillars with 75% coverage and relatively narrow spacing were fabricated and found to be 
functional as the wicking structure of the TGP device as shown in Figure 2.14. 
 
 
a)    b)  
 
Figure 2.14 a) Cross section and b) SEM image of up-plated 200µm wide copper pillars with 
75% coverage through 100 µm thick SU-8 photoresist. 
 
 
It was crucial that the copper up-plating process was time so that the copper did not over-plate 
above the height of the SU-8 resist. Over-plating resulted in the impossibility of rater SU-8 
removal as shown in Figure 2.15a.  
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a)     b)  
 
Figure 2.15 a) Over-plated pillars and b) perfectly plated pillars through SU-8. 
 
 
It can be seen in the cross section image that the SU-8 has become trapped by the over-plated 
copper. The copper electroplating process seen in the cross-section image in Figure 2.15b has 
been timed correctly and over-plating was avoided. 
Another problem encountered with the SU-8 processing was the incomplete development 
of the PR. It can be seen in Figure 2.16a that only certain regions of the substrate were exposed 
to the electrolyte and current used in the electroplating process. 
 
a) b)  
 
Figure 2.16 a) Non-uniform copper up-plating through SU-8 due to incomplete development. b) 
An evenly plated sample with complete development. 
 
Only certain portions of the area experienced copper plating while all other areas were blocked 
by incomplete PR development. Figure 2.16b shows a very uniformly electroplated copper 
surface where the PR was completely developed. 
 
 
52 
 
2.2.4 Hybrid Wick 
The goal of the fabrication process was to create a hybrid wicking structure consisting of high 
aspect ratio micro-pillars with woven mesh bonded to the top surface.  The advantage of a hybrid 
wicking structure is that the grooves formed by the pillars allow flow with low viscous losses as 
the liquid moves from the condenser to the evaporator. The woven mesh or the smaller capillary 
radius developed at the interface between the top of the pillar structures and the woven mesh 
could provide a strong capillary pumping pressure. The hybrid structure also provides effective 
evaporative and condensing surfaces.  
The Final step for fabrication of the hybrid wicking structure was the bonding of a copper 
mesh to the top surface of the micro-pillars. For the rectangular TGP, a 2 x 5cm
2
 sample of 
woven copper mesh with a wire diameter of 56 µm and pitch of 175 µm (#200) was chosen for 
this device. Ultrasonic thermal bonding was considered for this step, but a simpler and ultimately 
easier process has been developed. By applying a uniform pressure on the mesh in contact with 
the micro-pillars, electroplating was used to bond form the hybrid wicking structure. An acrylic 
frame was designed and constructed to hold the LCP sample as shown in Figure 2.17a. 
 
a)    b)  
 
Figure 2.17 a) Acrylic fixture used to apply uniform pressure on the woven copper mesh for 
bonding to the top of the pillars by copper electroplating. b) Pressure plate with perforations to 
allow electrolyte flow. 
 
Nylon screws at the top of the frame applied uniform pressure on a perforated acrylic sheet 
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shown in Figure 2.17b. The perforations allowed fresh electrolyte into the microstructure to 
facilitate quick bonding. The optimum current density for mesh bonding was determined 
experimentally. If the current density was too low, micro-scale copper crystals formed on the 
mesh surface and/or the surface became covered with copper oxide particles. If the current 
density was too high, the bonding was not uniform and copper grains developed on the mesh 
surface. The ideal current density bonded the mesh in several hours with a minimum effect on 
the geometry and surface characteristic of the structure. 
 When plain woven mesh is bonded to a flat surface, such as the top of the micro pillars, a 
point contact develops as seen in Figure 2.18a.  
 
a)  b)  
 
Figure 2.18 a) Plain woven mesh offering point contact on pillars, poor thermal conductivity, 
and weak evaporation, hence low heat flux. b) Flat woven mesh offering surface contact, high 
thermal conductivity, and strong evaporation, hence high heat flux. 
 
 
Point contacts offer a high thermal resistance to heat flow and result in a wicking structure with a 
relatively low thermal conductivity. In an effort to increase the thermal conductivity of the 
wicking structure of the TGP, the woven mesh was modified to create flat bonding surfaces as 
shown in Figure 2.18b.  
 Two methods were attempted to create this structure. First, a mesh sample was placed in 
a tensile/compression tester and various pressures were applied to determine the resulting 
geometry. Three pressures were attempted: 800 psi, 1200 psi, and 1600 psi and the results are 
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shown in Figure 2.19. 
 
 
 
Figure 2.19 Woven copper mesh was modified in an effort to decrease the contact resistance 
between the mesh and the top of the micro pillars. 
  
The geometry and contact area of perpendicular mesh wires was drastically changed at 1600 psi, 
however, the top and bottom contact surfaces seemed to remain as point contacts. Then, a pair of 
steel rollers was used to compress the mesh from 122 µm thick to 75 µm thick. The result of this 
modification may be seen in the bottom of Figure 2.19. It can be seen that the contact is now an 
area contact.  
Figure 2.4g and Figure 2.20 show a schematic and a cross section view of the competed 
via and wet etched liquid wicking structure. 
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Figure 2.20 Cross section view of the copper thermal via structure, etched copper channels, and 
bonded micro mesh [36]. 
 
It is seen in Figure 2.20 that the bottom of the liquid flow channel has a wide round geometry. 
As stated earlier, this is known to have a poor capillary effect as opposed to sharp cornered 
channels. Later prototypes have incorporated a different pillar fabrication method to further 
enhance the capillary strength as seen in Figure 2.21.  
 
 
 
 
Figure 2.21 SEM image of hybrid wicking structure consisting of woven copper mesh bonded 
the top surface of 100 µm high electroplated copper pillars [37]. 
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The TGP thermal performance assessment presented in Chapter 3 show that both the etched 
channel and electroplated channel configurations showed that they were fully functional as flat 
plate heat pipes under various thermal loads and acceleration values. 
 
2.3 Atomic Layer Deposition 
Atomic layer deposition of TiO2 and SiO2 was applied to the wicking structures of the TGP to 
increase the wettability and hence increase capillary pumping pressure. The growth of TiO2 films 
by atomic layer deposition (ALD) was developed in the early 1990s and reported in papers by 
Ritala [38], Aarik [39] and Kumagai [40], and Aarik [41] , and Groner [42]. A few years later, 
the dramatic effect of wettability and super hydrophilic property of TiO2 coated surfaces was 
realized and reported in publications by Sun [43], Karuppuchamy [44] and Zubkov [45], Luo 
[46], and Ashkarran [47]. In 2007, Puurunen [48] discussed the advantages and potential uses of 
various ALD coatings in the field of microelectromechanical systems (MEMS). ALD coatings 
are conformal, meaning that, unlike a process like thermal evaporation, all surfaces are coated 
evenly regardless of orientation. These coatings are also able to be applied with extremely 
accurate thickness control. They also may serve as a corrosion protection layer from oxidation. It 
is for these qualities, and especially the hydrophilic nature, that ALD TiO2 was chosen. 
The process for the deposition of sequential A-B TiO2 on the hybrid wicking structure is 
shown schematically in Figure 2.22. 
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Figure 2.22 Atomic layer deposition of TiO2 is a sequential process involving two or more 
reactants forming atomic mono-layers on a surface [49]. 
 
In applying the coating, the sample was first placed in a reaction chamber were all gasses are 
evacuated. Titanium tetrachloride (TiCl4) gas is introduced into the chamber and deposits on the 
surface as an atomic monolayer. Then water vapor is introduced into the chamber where it reacts 
with the TiCl4 to produce TiO2 and associated gaseous byproducts are removed. Recalling that 
the operation of a heat pipe is dependent on the capillary pumping pressure, 
gvlc pppp   (2.2) 
and that the capillary pumping pressure is dependent on the wettability (contact angle θ) of the 
surface, 


cos
2
l
l
c
r
p   (2.3) 
a decrease in contact angle results in a higher capillary pumping pressure. To test this concept, a 
250 Å thick layer of TiO2 was applied to the wicking structure (pillars and mesh) of the TGP 
devices and also to the sintered mesh structures. The hydropillic assessments of this coating are 
presented in Chapter 3. 
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2.4 TGP Assembly 
The LCP sheet containing the copper filled thermal vias, the etched liquid flow channels, and 
bonded copper mesh was assembled into a working heat pipe. Several methods of assembling the 
TGP devices have been developed.  
 The first step was to create a frame. The frames used in this project were 3 x 6 cm
2
 and 4 
x 4 cm
2
 with a 5mm width. The thickness ranged from 0.5 mm to 3 mm depending on the 
objective of the device. The first frames were cut from standard PCB material call FR-4. This is 
a fiberglass reinforced epoxy material that is light weight and able to withstand temperatures 
exceeding the maximum operation of the TGP device. It has been found that FR-4 does not have 
the hermetic qualities needed for long operation life of a heat pipe. Therefore, the next choice of 
frame material was copper. In all cases, the frames were fabricated on a high pressure water jet 
cutter and some examples are shown in Figure 2.23. 
 
 
 
 
Figure 2.23 Result of forming 0.5mm, 1.0mm, 1.5mm, and 3.0mm thick copper frames on a 
high pressure water jet cutter with a precision of ±25 µm. 
 
A copper evacuation and charging tube was then placed into the frame structure. A hole was 
drilled into the end of frames thicker than 1mm to accommodate the tube. For frames that were 
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thinner than 1mm, a slot was formed to allow the tube to be either epoxy bonded or soldered into 
the frame. 
The LCP structure, frame, copper fill tubes, and spacer materials were then all bonded 
together. A high temperature, low out-gassing epoxy (Epo-Tek H70E) was initially used for 
bonding but was replaced with hermetic solder bonding. The copper clad LCP wicking sample 
was soldered to the top and bottom of the copper frame using 100 µm thick Sn/Pb solder foil. 
Preparation of the copper surfaces involved mechanical abrasion, cleaning with isopropyl 
alcohol, and then applying a thin coat of solder flux. It has been found that improper application 
of these steps results on poor wetting of the solder onto the copper film as seen in Figure 2.24a. 
 
a) b)  
 
Figure 2.24 a) Result of techniques developed to allow the solder to completely wet the copper 
TGP frame. b) Solder overflow into the wicking structure. 
 
The solder used for bonding was 100 µm thick Sn/Pb foil. The solder was applied to the frame 
and LCP sheets individually by placing on a hot plate at 220°C in an N2 atmosphere to reduce 
oxidation. Once each piece was well coated with solder, they were sandwiched together on the 
hotplate and the solder reflowed to join the pieces together. Light pressure was applied to the 
assembly as the solder reflowed to ensure solid contact between surfaces. When the pressure was 
too great, the liquid solder occasionally flowed into the vapor space as shown in Figure 2.24b. 
This was detrimental to the operation of the device and was avoided by using perfectly flat 
samples and applying only a light pressure during solder reflow. 
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 The flexible nature of the LCP material presented a challenge to support the structure 
during evacuation and charging. If the material was not supported, the vapor space would 
decrease and the heat generation chip would make poor contact with the TGP. The initial 
solution to this problem was to use polymer balls with a diameter of 3mm or 1mm. They were 
strategically placed on top of the wicking surface to act as supports for the flexible LCP under 
high vacuum as shown in Figure 2.25a. 
 
a)     b)  
 
Figure 2.25 Arrangement of the polymer support spheres a) before and b) after testing. 
 
The first prototypes had the balls epoxy bonded to the top glass plate. Epoxy on the wicking 
structure was deemed detrimental to liquid flow. This solution seemed to work well but was 
useless for a double sided TGP as seen in Figure 2.25b where the position of the supports shifted 
at some point during testing. 
 Two alternative solutions were considered. The first was to use a large porous material 
that will allow vapor to flow freely but also be rigid enough to support the LCP layers uniformly 
under high vacuum. Recemat [50] manufactures nickel foam that has 95% porosity, an open cell 
structure, is rigid, and its pore diameter 0.4-2.3 mm. This foam’s structure may be seen in Figure 
2.26a. 
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a.            b.     
 
Figure 2.26 Concepts for supporting the flexible polymer casing of the TGP. a) Rigid open cell 
nickel foam [50]. b) Springs as support structures. 
 
The other alternative solution of flexible LCP support was to use an array of helical springs as 
shown in Figure 2.26b. A spring is ridged radially but is extremely flexible along its length and it 
is also extremely porous to allow vapor movement. To create the spring supports, stainless steel 
wire was wound around a metal dowel of predetermined diameter. It was then removed and 
stretched to achieve the desired pitch. Examples of 1 mm and 3 mm stainless steel spring support 
structures are shown in Figure 2.27a-b. 
 
 
a)   b)   c)  
Figure 2.27 Stainless steel spring support structures for a) 1mm thick device, b) 3mm thick 
device. c) Liquid trapped in the coil structures during charging.  
 
During testing, it was found that liquid water accumulated in the spring structures as can be seen 
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in Figure 2.27c.  
In some cases, sintered woven copper mesh was used as a spacer and support. The 
advantage of this arrangement is the mesh’s ability to reduce the length of the liquid flow path to 
the evaporator. Examples of multi-layer sintered copper mesh spacers strategically placed to 
support the vapor space this application can be seen in Figure 2.28. 
 
a)  b)   
 
Figure 2.28 TGP assemblies using varied width of sintered mesh spacers bonded with solder. 
 
 
Thermal performance assessments of the TGP devices using sintered copper meshes as spacers 
were not promising. It is suspected that the flow resistance through the sintered structure was too 
great for the capillary forces to overcome. The best performing vapor space structure was 
polymer spheres bonded to the top side of the TGP. 
High vacuum thermally conductive epoxy was initially used for TGP assembly. A 
drawback of using epoxy in bonding a copper frame to a glass observation slide is the mismatch 
of thermal coefficient of expansion (CTE) of the glass and copper combined with the brittleness 
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of the chosen epoxy. Many attempts were made to bond glass and copper with epoxy and some 
of the failures are shown in Figure 2.29. 
 
 
   a)    b)    
 
Figure 2.29 Glass fracture during the evacuation process due to CTE mismatch stress of a) TGP 
with sintered spacer and glass slide epoxy bonded to a copper frame and b) TGP with no spacer. 
 
These are two typical results of attempting to bond hard materials with different CTE values. 
Soldering was found to be the best solution for the final permanent assembly of TGPs. 
The drawback with constructing TGP prototypes using epoxy or solder bonding is the 
difficulty in changing a physical parameter or retesting the device with a different charge ratio. 
The processes for removing the fluid, drying, and re-evacuating is very time consuming. To 
overcome this problem, a temporary test fixture was designed and built to allow rapid changes to 
TGP configurations. The plan and cross section views for this fixture for rectangular TGPs are 
shown in Figure 2.30a-b. 
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a) b)  
 
Figure 2.30 a) Plan view and b) cross section of the temporary test fixture designed and 
machined to allow rapid repeatable assessment of TGP performance. 
 
The fixture consisted of two 3mm thick stainless steel frames with holes around the perimeter for 
screws to apply uniform pressure. Rubber gaskets supplied a vacuum seal on the surfaces of the 
frame and a charging tube was either soldered onto the frame.  
This system has been shown to work successfully after overcoming the initial problem of 
glass slide fracture. As tension was applied to the screws, the glass slides eventually failed 
because of flexing of the stainless steel frame as in Figure 2.31a-b. 
  
 
a)      b)  
 
Figure 2.31 Two examples of temporary bonding failure of a TGP assembly due to high stress 
concentrations on the glass slide. a) 1mm glass slide, b) 2mm glass slide. 
 
 
This problem was solved by using a 2mm thick silicone gasket between the glass and the metal 
pressure plate. A successfully vacuum sealed TGP device is shown in Figure 2.32. 
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Figure 2.32 Temporary assembly of a rectangular TGP holding a vacuum level of 1.8x10
-6
 torr. 
 
 
The evaporator and condenser regions can be clearly seen in the figure along with the 
thermocouple placement locations.  
The advantage of having a glass slide on the top surface of the TGP is the ability to view 
the liquid flow patterns as in Figure 2.33. 
 
 
 
Figure 2.33 Condensation patterns on a single side TGP with spring spacers at various power 
inputs. 
 
 
66 
 
Initially, a large drop of condensate formed in the middle adiabatic section, blocking vapor flow 
and eventually drying out the evaporator. When the water slug was released, the condensation 
line was observed to move along the axial length with increases in power input.  
Liquid slugs formed at low powers and the condensation line rose at higher powers. The 
polymer balls seemed to allow more liquid movement than the spring spacers as seen in Figure 
2.34. 
    
 
Figure 2.34 Condensation patterns on a single side TGP with polymer ball spacers tested from 
5W-40W. 
 
 
The polymer ball spacers proved to be the most effective spacer material and power input levels 
were up to about 30 W. 
The top and bottom views of one of the first successful TGP prototypes are shown in 
Figure 2.35.  
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a)  
b)   
 
Figure 2.35 Photograph of the a) bottom and b) top of a completed flat LCP polymer micro heat 
pipe with a 3mm thick FR-4 frame, glass observation slide, polymer ball supports all bonded 
together with high temperature epoxy. 
 
It consisted of a grooved hybrid wicking structure, 3mm thick FR-4 frame, a 1mm glass 
observation slide, polymer ball supports, and entirely assembled with high temperature, low out-
gassing epoxy.  
 
2.5 Cleaning and Charging 
Heat pipes must be properly cleaned and evacuated prior to charging to ensure reliable and 
effective performance. Any contaminates allowed to remain in a heat pipe after charging may 
result in the reaction formation of non-condensable gasses. The inside wicking structures of heat 
pipes are typically chemically treated prior to charging to enhance the wettability of the inner 
surfaces. This treatment may involve thermal or chemical oxidation and the formation of nano-
textured surfaces [1].  
Evaporator 
Condenser 
Fill Tube 
Micro Mesh 
Spacer Supports 
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The initial method of cleaning the assembled TGP device was to use a rotary vane vacuum 
pump to draw 10% H2SO4 solution through the device several times to insure an oxide free 
copper surface. Deionized water was then drawn through the device several times to remove the 
residual sulfuric acid. Once thoroughly rinsed, the heat pipe was then placed in a vacuum oven at 
100°C and 100 mTorr for 30 minutes to remove the residual moisture from the wicking structure. 
Later, a different method of TGP cleaning had been developed. The copper wicking 
structure of the TGP was cleaned with acetone, isopropyl alcohol, H2SO4, and de-ionized water 
prior to ALD TiO2 application. This cleaning removed organic contaminates, such as oils, and 
copper oxidation from the surface. After the ALD application, the wicking structure was rinsed 
with acetone and dried with N2 gas. Immediately before assembly, the inner surfaces of the TGP 
were given a final cleaning by O2 plasma for 45 seconds. This treatment was been found to 
decrease the contact angle of water on the surface. 
The assembled thermal ground planes were then evacuated of all non-condensable gasses. 
The device’s charging tube was connected to the turbo-molecular vacuum pump, shown in 
Figure 2.36, with 18 cm length of 0.79 mm ID flexible Tygon tubing. 
 
 
 
Figure 2.36 Turbo-molecular vacuum pump capable of reaching a vacuum level of 10
-8
 torr used 
to evacuate the TGP devices. 
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The vacuum pump was run until the inner TGP pressure reached ~1x10
-6
 Torr. A device that 
attained this desired pressure after approximately 24 hours was most likely free of leaks and was 
fit for thermal assessment. While being evacuated, the TGP was placed on a hotplate set for 40°C 
to ensure that the materials in the heat pipe have out-gassed and that the device was ready for 
charging.  
The charging system used in the TGP project is shown in Figure 2.37.  
 
 
 
Figure 2.37 Charging method for the flat polymer micro heat pipe. 
 
 
It was composed of a Tygon tube, two adjustable valves, and a long syringe. Prior to removal 
from the vacuum pump system, valve #1 (V1) was applied and initially closed. Then, the plastic 
charging tube was injected with de-gassed, distilled water with a long, fine tipped syringe. Then 
V2 was applied and closed adjacent to V1. After the fill tube was injected with water, V1 was 
slowly opened until a small amount of liquid entered the device. Then, V2 was slowly opened 
until a predetermined amount of water was drawn into the device from the pressure differential. 
Then V1 was closed and the copper charging tube was crimp sealed and soldered. 
The optimum quantity of liquid charge was determined in one of two ways. The first 
method used a functioning TGP with 18 W of heat applied to the evaporator region and cooling 
water flowing over the condenser. The temperatures of the TGP were actively monitored as the 
liquid valve was slowly opened to allow water into the device. The optimum volume of water 
was reached when the temperature difference between the evaporator and condenser was 
minimized as in Equation 2.4.  
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ce TTT  min  (2.4) 
At the optimum level of fluid charge, there was enough liquid to supply the evaporator and 
excess liquid bound to the outer edges of the device. The second method to determine the 
quantity of liquid charge was direct observation of the evaporation, condensation, and wicking 
processes. If the liquid supply was not sufficient, the evaporator would dry-out. If the liquid 
supply was in surplus, the liquid would tend to form slugs that blocked vapor flow and/or 
blocked the condenser region.   
Once the TGP was successfully charged with liquid, it was then sealed. The copper 
charging tube was crimped with a specially designed pinch-off tool shown in Figures 2.38a-b.  
 
 
a)     b)  
 
Figure 2.38 a) Pinch-off tool used to permanently seal the TGP devices after optimizing the 
liquid charge. b) Close view of the crimping jaws. 
 
The pinch-off tool squeezed the copper tube and exposed fresh, un-oxidized copper which then 
became sealed by cold welded. The tip of the copper charging tube was further sealed with a 
bead of vacuum epoxy (Torr-Seal).  
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3. TGP PERFORMANCE ASSESSMENTS 
This chapter discusses the various methods utilized in the assessment of the performance of the 
thermal ground plane devices. The methods include: mismatch of coefficient of thermal 
expansion, hydrophilicity, wick thermal conductivity, and low/high adverse acceleration thermal 
performance. 
 
3.1 CTE Mismatch 
One objective of the TGP device was to serve as an active heat removing printed circuit board. 
When permanently mounting heat generating components onto a PCB, the mismatch of thermal 
expansion coefficients (CTE) must be considered. If the mismatch is too great, then stresses will 
cause the electrical solder bonds to fail.  
 Most materials either expand or contract with changes in temperature. The degree of 
change is described by the coefficient of thermal expansion which is the ratio of strain to 
temperature change. The goal for the TGP device was to match the CTE of a silicon chip (3x10
-
6
/K) to the CTE of liquid crystal polymer (17x10
-6
/K). The concept developed to accomplish this 
goal was the use an intermediate or “dummy chip” as shown Figure 3.1 
 
 
 
Figure 3.1 The coefficient of thermal expansion of a silicon chip is matched to that of liquid 
crystal polymer by using an intermediate “dummy” chip bonded to the LCP. 
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By mounting the dummy chip between the silicon and LCP materials with various adhesives, the 
strain felt by each side should decrease. 
Resistance strain gauges were used to measure the expansion of the Si sample and the 
Si/LCP sample. When resistance strain gauges change in temperature, the resistivity of the metal 
in the sensor changes, also, the polymer substrate of the sensor expands or contracts. To 
overcome this issue, a half bridge whetstone circuit was used as shown in Figure 3.2. 
 
 
 
Figure 3.2 Half bridge Wheatstone circuit used to negate the temperature effects on the strain 
gauges. 
  
On one branch of the bridge was a strain gauge on the sample to be measured. On the other side 
was a strain gauge on a material with little or no expansion which in this case was ultra-low 
expansion (ULE) glass. Since both gauges were identical and both were being subjected to the 
same temperature changes, the temperature effects should theoretically cancel. 
 This concept may be shown in the relations given by Finke [51]. The strain of the sample 
and gauge is given by, 
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The strain of the reference and gauge is given by, 
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(3.2) 
where FG is the gauge factor, βG is the coefficient thermal resistivity of the gauge material, αS is 
the CTE of the sample material, αG is the CTE of the gauge material, and αR is the CTE of the 
reference material. Subtracting the two above equations gives, 
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(3.3) 
For a reference material with zero CTE and strain in the range of temperature tested, Eqn. 3.3 
simplifies to, 
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The strain gauges were mounted on the ULE glass, Si chip, and Si chip bonded to LCP as shown 
in Figure 3.3a. 
 
 
a)      b)   
 
Figure 3.3 a) Ultra low expansion glass used to compensate for temperature effects of the 
resistance strain gauges. b) array of CTE test samples connected to the DAQ system. 
 
The testing was performed in small laboratory oven with the DAQ system shown in Figure 3.3b. 
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After many trials, the following strategies were found to improve the accuracy and reliability 
of this experiment: 
a. Data Averaging- The initial strain and temperature data was collected once per second. 
The noise was in the range of 5 µstrain. By taking the average of 1000 data points over 
10 seconds, the noise was reduced to 0.5 µstrain. 
b. Forced Convection- The initial experiments were performed in a lab-sized oven that 
relied on natural convection and a non-uniform temperature distribution. A small fan was 
placed in the oven to create a faster responding system, i.e. the samples heated quicker. 
c. Thermal Masses – The thermostat control of the oven caused a fluctuating temperature 
and strain condition where the data was spread too far. Placing large blocks of copper and 
aluminum in the oven absorbed some of the temperature fluctuation much like a thermal 
shock absorber. 
d. Eliminate Transients – This experiment showed extreme sensitivity and any transient 
heat transfer was found offset the CTE result. 
The result of one of the tests is shown in Figure 3.4.  
 
 
Figure 3.4 Resulting strain indicated by gauges mounted on a four samples including ULE glass, 
silicon, silicone bonded to LCP with silicone, and silicon bonded to LCP with epoxy. 
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It is noted that all gauges are indicating a negative strain with temperature due to the temperature 
effect on resistivity of the sensors. The closeness of the strain on the Si and Si/LCP samples clear 
and is an indicator that the Si mounted on polymer and the free unbounded chip were expanded 
at very similar rates which indicates a CTE match. A summary of the CTE mismatch 
measurement concepts is shown in Figure 3.5. 
 
 
Figure 3.5 Overview of the CTE mismatch concepts. 
 
 
The final CTE mismatch between the Si chip and the Si “dummy” chip bonded to LCP was 
3.86% and was within the goal of 5% mismatch. 
 
3.2 Hydrophilic Assessment 
The effect of the hydrophilic behavior of ALD TiO2 coated materials was assessed using water 
contact angle measurements. The surfaces tested are two each of: evaporated copper on a Si 
wafer, electroplated copper on a Si wafer, copper nano-wires on a small sample, copper nano-
76 
 
wires on a large sample, and then 100 µm wet etched copper pillar wicking structures, and 
finally, 200 µm wet etched copper pillar wicking structures. All untreated samples were cleaned 
and dried and contact angle measurements were performed. After being completely dried again, 
the samples received a 3.6 nm coating of alumina adhesion  
 The contact angle results for pure copper and electroplated copper on Si wafers are 
shown in Figure 3.6 a-b respectively. 
 
a)     b)   
 
Figure 3.6 a) Pure copper showed an average of 43% decrease in contact angle. b) Electroplated 
copper showed an average of 67% decrease in contact angle. 
 
It can be seen that the contact angle was reduced by 43% and 67% with the application of ALD 
TiO2.Further testing was performed on copper nano-wire arrays and that contact angle result is 
shown in Figure 3.7 a-b. 
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a)  b)    
 
Figure 3.7 a) Small copper nano-wire sample showed an average of 93% decrease in contact 
angle. b) Large copper nano-wire sample showed an average of 94% decrease in contact angle. 
 
The TiO2 coating showed an even more dramatic effect on a copper nano-wire covered wafer. 
Both samples experienced over a 93% decrease in contact angle. The final sample consisting of 
square copper micro-pillars underwent the most dramatic change of contact angle as shown in 
Figure 3.8. 
a)    b)  
 
Figure 3.8 The contact angle on the 100 µm and 200 µm structured pillar surfaces went from a) 
over 100° to b) 0° with the application of ALD TiO2 indicating a dramatic effect on wick 
wettability. 
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Before coating with ALD TiO2, the surface of the pillar structures was slightly hydrophobic with 
a contact angle of 110°. After coating, the water droplet was completely absorbed by the copper 
micro-structures indicating a dramatic improvement in mesh wettability with TiO
2
 coating. 
 Although the ALD coating proved to be very hydrophilic initially, assessment needed to 
be made as to the durability of the effect under water at the elevated temperature of 90°C. All 
tested samples were submerged in DI water for 7 days at STP. No deterioration of hydrophilicity 
was detected. Then, to determine the reliability of the TiO2 coating, all samples were submerged 
in 90°C distilled water for 9 days using the hot plate apparatus shown in Figure 3.9.  
 
 
 
Figure 3.9 Hot plate apparatus used to control the temperature of the water bath for reliability 
testing of the ALD TiO2 coating. 
 
The samples were dried, observed, and found to have even slightly better hydrophilic properties. 
This array of assessments shows that ALD TiO
2
 has the potential to increase the capillary 
pumping pressure of heat pipe wicking structures. 
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3.3 Wick Thermal Conductivity 
The effective thermal conductivity of the wicking structure of a heat pipe can represent a 
significant thermal resistance. The thermal conductivity of the TGP hybrid wicking structure was 
measured using a combination of two instruments; a laser flash apparatus and a differential 
scanning calorimeter. Both instruments are shown in Figure 3.10a-b. 
 
a)     b)  
 
Figure 3.10 a) Netzsch LFA 457 Laser Flash Apparatus and b) Netzsch DSC Differential 
Scanning Calorimeter used to determine the effective thermal conductivity of the hybrid wick. 
 
 
The LFA apparatus determines the thermal diffusivity, an important quantity that describes the 
transient conduction of a material. It is represented as, 
 
pc
k

 
 
(3.5) 
 
It is dependent on the thermal conductivity k, the density ρ, and the specific heat capacity cp. To 
determine the effective thermal conductivity, the thermal diffusivity was measured with the laser 
flash apparatus, the specific heat capacity was measured with the DSC differential scanning 
calorimeter and the density was calculated knowing the material properties. Rearranging Eqn 
3.5, the conductivity may be calculated as, 
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pck   (3.6) 
The results of that calculation are shown in Figure 3.11. 
 
 
 
Figure 3.11 Plot of the measured effective thermal conductivity of the hybrid wicking structure 
used in the TGP device. 
 
The results show an effective thermal conductivity of about 23 W/m·K at 25°C. 
 
3.4 Low Acceleration Thermal Performance 
3.4.1 Thermal Performance 1,0,-1 g 
The thermal performance of the 3x3 cm
2
 TGP was assessed in the horizontal orientation (0g), in 
the vertical -90° orientation with the evaporator on the bottom (-1g), and vertically at 90° with 
the evaporator on top (+1g). The three orientations differ in the hydrostatic pressure that must be 
overcome by the capillary pressure developed by the wicking structure. 
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 For this set of measurements, there were three K-type thermocouples mounted on the 
evaporator region along the diagonal axis and three TCs mounted on the condenser region also 
along the diagonal axis. The raw data for the thermocouple temperatures are located in Appendix 
A. The heat transferred by the TGP was measured with a linear array of TCs embedded into an 
aluminum heat sink mounted to the condenser surface. Heat was supplied to the 8x8 mm
2
 
evaporator region with a ceramic heater block. 
 The temperature difference between the evaporator and condenser regions was calculated 
as the difference between the average of the three TCs at each location. The power input to the 
TGP was varied from 5 W to a maximum of 40 W, at which point the temperature of the 
evaporator region reached the 100°C limit. Figure 3.12 shows the temperature difference with 
power input and time. 
 
 
Figure 3.12 Plot showing the temperature difference between the average evaporator and 
condenser regions of the TGP and the copper reference sample from 0-40 W and at 1,0, and -1g 
acceleration. 
 
 
A geometrically equivalent copper reference sample was thermally assessed in an identical 
method. At the 5-10 W power input range, the temperature difference of the TGP was greater 
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than the copper sample, indicating a thermal conductivity less than that of copper. When the 
power input was increased to 15 W, the TGP and copper were equivalent in performance. 
Beyond 15 W, the temperature difference of the TGP remained relatively constant while the 
copper increased linearly as expected from conduction heat transfer. Figure 3.13 shows the same 
data independent of time. 
 
 
Figure 3.13 Plot of the temperature difference between the evaporator and condenser regions of 
the TGP and copper reference independent of time. 
 
It can be seen that the temperature difference of the TGP initially increase, then remained level, 
and finally began to increase beyond 30 W power input. It has been found that a constant ΔT is 
indicative of proper heat pipe performance and a saturated two-phase fluidic heat transfer cycle. 
 The second measure of thermal performance was the actual heat transferred by the 
device. In the review of past literature, it has been observed that many researchers utilize the 
applied power to measure heat pipe performance. This method may overestimate the device 
performance due to potentially high levels of heat loss by convection and radiation from the 
heater element and from the device. In the current study, it was decided that a more accurate 
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measure of performance would be the actual heat transferred by the device out of the condenser 
region. Using the temperature gradient along the length of the aluminum heat sink and Fourier’s 
law, the heat extracted from the condenser was calculated and the results are shown in Figure 
3.14. 
 
 
 
Figure 3.14 Plot showing the heat transferred from the condenser region of the TGP and the 
copper reference sample from 0-40 W and at 1,0, and -1g acceleration. 
 
It can be seen that the heat transferred was approximately 84% of the applied power. The 
remaining 16% of the heat was lost to natural convection and radiation. The same data has been 
plotted independent of time in Figure 3.15. 
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Figure 3.15 Plot showing the heat transferred from the condenser region of the TGP and the 
copper reference sample from 0-40 W and at 1,0, and -1g acceleration independent of time. 
 
In this plot, it is evident that the TGP at all orientations and the copper reference sample were 
identical in their heat transfer abilities. 
 The next measure of thermal performance is combining the ΔT and q measurements into 
a quantity of thermal resistance. This value may be thought of as the inverse of the thermal 
conductance and is inversely proportional to the effective thermal conductivity. Figure 3.16 
shows the thermal resistance of the TGP at each orientation and of the copper reference sample. 
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Figure 3.16 Plot showing the effective thermal resistance of the TGP and the copper reference 
sample from 0-40 W and at 1,0, and -1g acceleration. 
 
The thermal resistance of the TGP was approximately 3.0 K/W at 5 W power input while the 
copper reference sample was around 1.1 K/W. It is speculated that this low performance relative 
to copper was due to a flooded condition in the evaporator region. This condition prevents 
efficient evaporation from the wicking structure due to the lack of thin liquid film regions. As the 
power input increased, the thermal resistance of the TGP decreased while the copper remained 
constant. This observed phenomenon is again indicative of heat pipe performance. Since ΔT 
remains relatively constant for most power inputs and the heat transferred increases with 
increasing powers, the thermal performance is high for higher powers. The thermal resistance of 
the copper reference sample remained nearly constant for all power inputs as expected from heat 
transfer by conduction. Figure 3.17 shows the same data independent of time. 
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Figure 3.17 Plot showing the effective thermal resistance of the TGP and the copper reference 
sample from 0-40 W and at 1,0, and -1g acceleration independent of time. 
 
There was observed a change of thermal resistance with device orientation. At 0° and 90° tilt (0g 
and +1g), the TGP thermal resistance was nearly identical. This indicates that the wicking 
structure provided a sufficiently strong capillary pumping pressure to negate any gravitational 
hydrostatic effects. However, at -90° tilt (-1g), gravity was assisting the liquid return to the 
evaporator and a noticeable decrease of thermal resistance was observed. 
 During the course of this research, a question arose on the thermal performance of a heat 
pipe which contained non-condensable gasses (NCGs). It was hypothesized that a decrease in 
thermal resistance with increasing power indicates that NCG has leaked into the device. As 
shown in Figure 3.18, the movement of vapor from the evaporator to the condenser pushes with 
it and NCG contained in the heat pipe envelope. 
 
87 
 
 
 
Figure 3.18 Illustrating the thermal performance characteristic of a heat pipe which contains 
non-condensable gasses. 
 
Once the vapor reaches the condenser, it then condenses back to a liquid, while the NCG 
becomes trapped at the condenser end. At low power input, the momentum and pressure of the 
vapor is relatively small and any NCG in the system will occupy a large portion of the condenser 
surface. With this large portion of the condenser effectively blocked from the vapor, the 
condenser temperature drops (from lack of latent heat transfer) and the evaporator temperature 
increases (from lack of liquid supply). Since the temperature difference between the evaporator 
and condenser (ΔT) increases and the percentage of heat being transferred has decreased, it 
would appear as if the thermal resistance of the device goes up. 
 The situation changes as the power input increases. At high power, the vapor momentum 
and pressure increase and compress the existing NCG into a smaller volume. The result is that 
vapor is able to contact more condenser area. This increases the condenser temperature from 
increased latent heat transfer and decreases the evaporator temperature from increased liquid 
supply. In addition, more heat is able to be transferred out of the condenser. The effects of 
decreased ΔT and increased percentage of heat transferred appear as a decrease in thermal 
resistance. This observation of decreasing R with increasing power input is consistent with NCG 
trapped in the system. This however does not fully explain the given observations. 
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 Assuming that there exist no NCG in the heat pipe, at low power input, the condenser 
temperature is low as is the evaporator temperature. This may be seen illustrated in Figure 3.19. 
 
 
Figure 3.19 Illustrating the thermal performance characteristic of a heat pipe without non-
condensable gasses. 
 
In addition, there will be a low heat output from the condenser. As the heat input is increased to 
high power, the condenser and evaporator temperatures increase uniformly from the higher vapor 
pressure. The percentage of heat transferred remains nearly constant. These two factors together 
are observed as a decrease in the thermal resistance, since ΔT remains constant and q increases. 
This is also consistent with the temperatures and heat transferred by the TGP device. It can then 
be concluded that the decrease of R with increasing Power input is not due to the existence of 
NCG, but simply the performance behavior of a functional heat pipe. 
This section presents some of the noteworthy results obtained in thermal testing of the 
TGP device. It will be noticed that the style of testing results are not consistent. This is due to the 
fact that the experimental procedure was always being improved upon over time. At the point of 
this writing, the thermal resistance measurement, a copper reference sample, and 5W increment 
in power supplied is the standard method of testing. One of the first promising results obtained 
for a TGP device is seen in Figure 3.20.  
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Figure 3.20 Effective thermal conductivity of the polymer micro heat pipe at different power 
inputs and orientations. Horizontal is 0g and vertical with the evaporator on top is 1g [36]. 
 
This is the effective thermal conductivity of a rectangular TGP with a 3mm thick FR-4 frame, 
glass observation slide, hybrid mesh with longitudinal grooves, and no ALD treatment. The 
results were calculated with Fourier’s law assuming a 1-D heat transfer. The device was mounted 
in a water heat exchanger with five TCs on each of the condenser and evaporator. The power was 
relatively low at 3W, 5W, and 7.5W and the tilt orientation was either horizontal or adverse 
vertical (90°). It is seen that the best performance of 850 W/m·K occurred at an input power of 3 
W in the horizontal orientation and the worst performance, 450 W/m·K, occurred at 5 W in the 
vertical orientation. The measured and theoretical calculation of thermal conductivity are close in 
value around 20 W/m·K. 
The performance of the TGP over an extended period of time was then assessed. The 
duration of each trial was limited to about 3 hours because of the limited water in the heat 
exchanger reservoir. The trials were carried out over the course of 2 days.  The thermal 
conductivity was calculated from Fourier’s law where the power input flux was 18 W/cm2, the 
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average temperatures of the evaporator and condenser were used, the center-center distance of 
the evaporator and condenser was 3cm, and the cross sectional area of the vapor core was 60 
mm
2
. From previous experiments, the actual heat flux transmitted by the TGP is approximately 
80% of the electrical power delivered to the heater. Figure 3.21 shows the effective thermal 
conductivity of the rectangular TGP over 48 hours of operation. 
 
 
 
Figure 3.21 Plot showing the performance of a TGP over the time span of 48 hours after initial 
charging. The decrease and leveling is indicative of out-gassing. 
 
It is noticed that the average value of effective thermal conductivity decreased and then leveled 
off. This is indicative of outgassing as opposed to a reaction forming gas. Epoxy may absorb 
water and may outgas thereby decreasing performance. Solder may also react with water forming 
H2, again, decreasing performance.  
 A single sided TGP was tested with solder assembled 1mm thick copper frame where the 
wicking structure received ALD TiO2, the power was held constant at 18W, and the tilt angle 
was varied from 90° to -90° in 22.5° increments. The performance was plotted as thermal 
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resistance. Each plot shows the conductance and the power transferred to the water in the heat 
exchanger. It was found that the performance was poorest when the TGP was at the horizontal 
orientation, best at the vertical orientations and changed linearly with the tilt angle. A copper 
reference sample was also measured to determine how effective the TGP actually was at 
transferring heat. A summary of the results and the comparison to copper performance may be 
seen in Figure 3.22.  
 
a) b    
 
Figure 3.22 a) Heat transferred by and b) thermal resistance of the TGP with 18W heat input at 
various tilt angles [52]. 
 
It can be seen that the performance increased linearly with a favorable positive tilt angle as is 
expected with gravitational assistance pulling the condensate back down to the evaporator. The 
same was observed for the adverse negative tilt angle. The lowest performance was found to be 
the horizontal orientation. This may be explained by the condensate which forms on the top non-
wicking surface was unable to flow back down to the bottom wicking surface. When the device 
is tilted, the condensate flows to the edge of the wick where it is then drawn back to the 
evaporator by capillary force. A copper bar of identical dimensions as the FPMHP was tested 
with the same procedure to offer a reference to base the device performance. The best case (90º) 
showed a thermal resistance five times less than that of copper. Given that the dimensions of the 
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copper and FPMHP are identical, this results in an effective thermal conductivity of 
approximately 2000 W/m∙K at a 90º tilt angle. In the horizontal orientation, the thermal 
resistance is 1.23 times less than copper resulting in 495 W/m∙K.  
 
3.4.2 TGP Thermal Resistance Model 
The temperature distribution of heat pipes may be represented by equivalent thermal resistance 
networks. Separate resistances are calculated individually and combined as parallel and series 
arrangements. If the heat input is known and it is assumed that heat loss through the system may 
be neglected, then the temperature at any point in the device may be calculated.  
 
3.4.2a Thermal Resistance Network 
As explained in Chapter 1, a heat pipe may be modeled as a network of individual thermal 
resistances. The thermal resistance network for the thermal ground plane (TGP) is shown in 
Figure 3.23. 
 
Figure 3.23 Illustration of the equivalent thermal resistance network of the thermal ground plane 
(TGP). 
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The first thermal resistance encountered by heat input to the evaporator region is the casing 
which is composed of LCP material with an array of copper filled thermal vias as shown in 
Figure 3.24. 
 
Figure 3.24 Geometry of the 200 μm hexagonal arrayed thermal vias located on the evaporator 
and condenser regions. 
 
The arrangement is hexagonal and the triangular region is repeated and contains half the area of a 
complete via. This, the total area is simply a triangle, 
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Half of the via area is, 
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The percentage of area covered by the vias is then, 
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Evaporator Resistance: For the thermal ground plane, the evaporator resistance is composed of 
two separate resistances in parallel. Re,via is the copper filled thermal vias and Re,LCP is  the 
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surrounding LCP. The evaporator is an 8mm square with a total area of 64x10
-6
 m
2
. This gives a 
copper via area of 14.5x10
-6
 m
2
 and a surrounding LCP area of 49.5x10
-6
 m
2
. The thermal 
resistance for 1-D heat conduction may be calculated using the following relation, 
kA
R

  (3.10) 
where δ is the material thickness, k is the material thermal conductivity, and A is the cross 
sectional area of the material. The resulting thermal resistance of each component is, 
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These values are then combined as parallel thermal resistances to find the total thermal resistance 
of the casing in the evaporator region. 
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Axial Resistances: The axial thermal resistances are composed of the pipe thermal resistance 
Ra,p, the resistance of the top copper sheet Ra,Cu, and the axial wick thermal resistance Ra,w. 
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Condenser Resistance: For the thermal ground plane, the condenser resistance is composed of 
two separate resistances in parallel. Rc,via is the copper filled thermal vias and Rc,LCP is  the 
surrounding LCP. The condenser is a 20 x 20 mm
2
 square with a total area of 400x10
-6
 m
2
. This 
gives a copper via area of 90.8x10
-6
 m
2
 and a surrounding LCP area of 309.2x10
-6
 m
2
. 
   W
K
mxKmW
mx
Ak
R
LCPcLCP
LCP
LCPc 62.1
102.309/2.0
10100
26
6
,
, 




 (3.20) 
   W
K
mxKmW
mx
Ak
R
viacCu
via
viac 00282.0
108.90/391
10100
26
6
,
, 




 (3.21) 
These values are then combined as parallel thermal resistances to find the total thermal resistance 
of the condenser. 
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There is then an 18 μm copper layer lining the inside of the TGP and its thermal resistance is 
calculated as, 
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3.4.2.d Wick Thermal Resistance 
The hybrid wick consists of 100 µm high square copper pillars topped with a single layer of #200 
woven copper mesh. Distilled water fills the grooves and saturates the holes in the mesh. The 
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pillar configuration used for the TGP prototypes is 200 μm squares with 31 µm grooves covering 
75% of the area as shown in Figure 3.25. 
 
Figure 3.25 Showing the geometry of the 200 μm pillar with 75% area coverage and the 
resulting 31 μm wide liquid groove. 
 
 
The actual area covered by the pillars and grooves for 25%, 50%, and 75% coverage ratios is 
shown in Table 3.1.  
 
Table 3.1 Area of the pillars and grooves in the evaporator and condenser for various area 
coverage ratios. 
 
 75% (m
2
) 50% (m
2
) 25% (m
2
) 
Evaporator Total Area 64x10
-6
 64x10
-6
 64x10
-6
 
Evaporator Pillar Area 48x10
-6
 32x10
-6
 16x10
-6
 
Evaporator Groove Area 16x10
-6
 32x10
-6
 48x10
-6
 
Condenser Total Area 400x10
-6
 400x10
-6
 400x10
-6
 
Condenser Pillar Area 300x10
-6
 200x10
-6
 100x10
-6
 
Condenser Groove Area 100x10
-6
 200x10
-6
 300x10
-6
 
 
 
 
The thermal resistance of the pillars and water filled grooves are calculated individually and 
combined in parallel configuration. The resistances of the 8x8 mm
2
 evaporator area are 
calculated as follows, 
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Re,pillar is the thermal resistance of the copper pillars in the evaporator area while Re,groove is the 
thermal resistance of the water filled grooves between the copper pillars. Heat transferred 
through the grooved wicking structure must take a parallel path through both resistances and the 
resultant total thermal resistance is, 
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It can be seen from this result that the overall thermal resistance of the grooves is due to just the 
copper pillars and the effect of the water is negligible. The same analysis is performed for the 
20x20 mm
2
 condenser area. 
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The thermal resistance of the water saturated woven copper mesh was not so straight forward to 
calculate. First, an empirical relation was used to find the effective thermal conductivity of the 
mesh/liquid combination. Then, the thermal resistance was calculated given the thickness and 
area of the mesh in evaporator and condenser regions. A scale image of the solid model of the 
woven mesh is shown in Figure 3.26. 
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Figure 3.26 Solid model and geometry of the woven mesh used to for the hybrid wicking 
structure of the TGP. 
 
 The effective thermal conductivity of the saturated woven mesh is given as [53], 
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This expression was derived theoretically and is highly dependent on the porosity ε of the mesh. 
The porosity is defined as the ratio of pore volume, Vp, to the total wick volume, Vt. 
t
p
V
V
  (3.31) 
The porosity characterizes the ease of fluid flow through the structure under a pressure gradient. 
There have been a number of expressions derived and presented for the calculation of the 
porosity of woven mesh. One of the earliest expressions presented is [54], 
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Where A=d/W, B=d/t, and t is the overall mesh thickness. The given geometry of the current 
wick results in porosity of 0.663. Another expression commonly used to calculate the porosity is 
[55], 
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Where S is called the crimping factor and is suggested to be 1.05 for a simple weave. This 
expression results in a porosity of 0.670 which is slightly higher than the previous result. Yet 
another expression for the porosity of woven mesh was presented as [56], 
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Where A and B are defined as shown above. This expression results in a porosity value of 0.687. 
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The thermal resistance of the mesh/water combination is now calculated using the wire thickness 
of 50.8 μm. 
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3.4.2.d Vapor Axial Resistance 
There exists an axial thermal resistance of the vapor along the length of a heat pipe from the 
evaporator to the condenser. It is due to the pressure difference between the evaporator and 
condenser which then causes a temperature difference between the two ends. The Clausius-
Clapeyron equation  relates the pressure and temperature of a gas as follows [57], 
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This may be rearranged in terms of the evaporator and condenser location at the ends of a heat 
pipe, 
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The thermal resistance resulting in the vapor flow from one end of a heat pipe to the other is 
found to be very low and is often neglected because of the fact that The Clausius-Clapeyron 
relation requires a small drop in temperature for a relatively large drop in pressure.  
The first step to determining the vapor thermal resistance is calculation of the vapor 
friction factor [57], 
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where fvRe is the friction coefficient, μv is the vapor viscosity, rh,v is the hydraulic radius of the 
vapor flow passage, Av is the area of the vapor flow passage, ρv is the vapor density and λ is the 
heat of vaporization. Applying the values for the given geometry and conditions gives, 
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The axial vapor thermal resistance using the Clausius-Clapeyron relation is given by the 
following expression. 
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where Tv is the vapor temperature and Le, La, and Lc are the lengths of the evaporator, adiabatic, 
and condenser regions respectively. Imputing the TGP specific values results in, 
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A summary of all the thermal resistances in the square geometry TGP are presented in Table 3.2. 
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Table 3.2 Summary of the thermal resistances of the square TGP. 
 
Thermal 
Resistance 
Description Value 
(K/W) 
q  
(W) 
ΔT (K) 
q=40 W 
% Resistance 
Contribution 
Re,via Evaporator copper 
filled thermal vias 
0.0176 40.0 0.704 2.35% 
Re,LCP Evaporator LCP 10.1 0 0.704 
Re,Cu Evaporator plated 
copper layer 100 μm 
0.00400 40.0 0.160 0.546% 
 Re,groove Evaporator grooved 
wicking structure 
0.00533 39.0 0.208 0.727% 
Re,mesh Evaporator mesh 
wicking structure 
0.620 39.0 24.18 84.6% 
Re,i Evaporator 
liquid/vapor phase 
interface 
Neglected 39.0 0 0% 
Ra,top Top copper sheet 400 
μm 
7.30 0 0.00534 -2.46% 
Ra,v Vapor thermal 
resistance 
137x10
-6
 39 0.00534 0% 
Ra,Cu Axial plated copper 
layer 
29.2 1.03 28.32 0% 
Ra,w Axial wick thermal 
conductivity 
17553 0 28.52 0% 
Ra,LCP Axial LCP thermal 
conductivity 
57071 0 29.3 0% 
Rc,i Condenser 
liquid/vapor phase 
interface 
Neglected 39.0 0 0% 
Rc,mesh Condenser mesh 
wicking structure 
0.0992 39.0 3.87 13.6% 
Rc,groove Condenser grooved 
wicking structure 
0.000853 39.0 0.0333 0.116% 
Rc,Cu Condenser plated 
copper layer 100 μm 
0.000639 40.0 0.0256 0.0872% 
Rc,LCP Condenser LCP 1.62 0 0.113 0.37% 
Rc,via Condenser copper 
filled thermal vias 
0.00282 40.0 0.113 
 
The sum of all of the theoretical thermal resistances in the TGP network is 0.733 K/W and to 
further illustrate the contribution of each component, they have been assembled onto a circle 
graph as shown in Figure 3.27. 
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Figure 3.27 Pie chart illustrating the percent contribution of each thermal resistance in the TGP. 
 
It is clear to see that the majority of thermal resistance theoretically is due to the wicking 
structure located in the evaporator region and to a lesser extent, the condenser region. It is further 
evident that any improvement in TGP should be targeted on the woven mesh located on the 
evaporator. 
 
3.4.3 Copper Nano Wires 
It was seen in the previous section that the majority of the total thermal resistance of the TGP 
resulted from the water saturated woven mesh in the evaporator region. It was proposed to 
replace the woven mesh in that region with copper nano-wires arranged as an array of squares as 
shown in Figure 3.28.  
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Figure 3.28 SEM images of the cooper nano-wire arrays formed on the 8 x 8 mm
2
 evaporator 
area to reduce the TGP thermal resistance. 
 
In this case, there were three possible paths for the heat to flow from the 19 µm thick inner 
copper layer to the liquid meniscus for evaporation. First, the heat may pass through the liquid 
that is filling the 65 µm wide grooves between the square nano-wire regions. The second path is 
through the liquid saturating the spaces between individual nano-wires. The third possible path is 
through the copper nano-wires. To determine the effective thermal conductivity of this structure, 
the parallel path of the copper wires and liquid surrounding the wires is considered. The heat 
transferred through this copper/water medium is determined by starting with the energy equation 
for the solid and liquid phases. 
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In the second term on the left hand side for the liquid,   wwwp TVc 

 represents the energy 
entering the control volume due to liquid flow and 
wV

is the volume averaged liquid velocity. 
When the copper nano-wires and water are assumed to be in thermal equilibrium, or TCu=Tw=T, 
105 
 
the two energy equation may be combined to give, 
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and 
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This is the relationship for heat transferring through a porous medium and liquid in parallel and 
the effective thermal conductivity is then, 
  wCueff kkk   1  (3.50) 
The nano-wire squares have a porosity of 30% and thus the effective thermal conductivity is 273 
W/m·K. The square nano-wire regions are separated by 65 µm spaces saturated with water and 
combined result in an effective thermal conductivity of 52.1 W/m·K. The height of the nano-
wires was 30 µm and results in an effective thermal resistance of the evaporator region of 
0.00900 K/W. This is approximately 70 times less than the solid pillar and woven mesh 
combination. 
 The TGP with nano-scale copper wire arrays located on the evaporator was assembled 
and assessed for thermal performance. The device was oriented vertically with the evaporator at 
the bottom (gravity assist) and power from 5-60 W was supplied to the ceramic heater. The 
effective thermal resistance of the device is shown in Figure 3.29. 
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Figure 3.29 Measured thermal resistance of the TGP with the copper nano-wire located on the 
evaporator.  
 
It can be seen that the thermal resistance was much higher than anticipated and higher than 
previously assessed TGPs. During testing, it was observed that the water did not suitably wet the 
evaporator region. In fact, observations showed that the nano-wires exhibited hydrophobic 
properties during testing.  
 
3.5 High Acceleration Thermal Performance 
It was deemed important that the thermal ground plane exhibit an effective thermal conductivity 
of at least 500 W/m·K at 10 g adverse acceleration. This performance criterion is critical in 
mobile devices which may be oriented in any direction and applications that are subjected to 
impact or excessive acceleration such as vehicles. The performance of the thermal ground plane 
during high acceleration was assessed with two methods. First, the saturated hybrid wicking 
structure was subjected to gradually increasing acceleration on a centrifuge. Images were used to 
determine if the liquid was held in the wick. The second method involved using a centrifuge 
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again to assess the thermal performance of an assembled and charged TGP under high 
acceleration with 20, 30, and 40 W heat input. 
 
3.5.1 High Acceleration Wicking 
An important aspect of a heat pipes performance is its ability to operate in any orientation. This 
applies to applications in mobile devices such as cellular phones, PDAs, and laptop computers. 
There may be high g (high acceleration) applications where heat pipes must also maintain 
operation. Such applications may be aircraft, space vehicle, and satellite cooling. 
 The capillary pressure of the liquid wicking structure determines the high g performance 
of a heat pipe. It is well known that, in general, a smaller scale structure is able to attain a higher 
capillary pressure. The wicking structure used in this project was #200 woven copper mesh 
bonded to the top surface of 200 µm wide square pillars.  
The high g performance of this structure was tested by separate government laboratory. 
First, a 2 x 5 cm
2
 sample of the fabricated hybrid structure was mounted on a variable speed spin 
table equipped with a video camera. Then the copper mesh was saturated with distilled water at 
room temperature and pressure. The mesh became darker when saturated with water. Two trials 
were performed. Trial 1 accelerated up to 4 g and trial 2 accelerated to 12 g. It can be seen in 
Figure 3.30 that on the first trial, the mesh remained saturated up to 4 g for 60 seconds and 
eventually dried out after 440 seconds due to evaporation. 
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Figure 3.30 Results of high g testing of the fabricated hybrid wicking structures. 
 
In trial 2, the mesh dried out at the initial step of 8g. This indicated that the capillary pressure of 
the wicking structure must be improved if the TGP was to operate at 10g acceleration.  
 
3.5.2 TGP Thermal Performance 0-10g 
There are many cases where a heat pipe must remain operational at high adverse accelerations. 
Any type of mobile electronics must sustain reasonable heat removal at all orientations. Space 
and military applications are well known to generate excessive transient and/or steady state 
accelerations.  
The performance of the thermal ground plane has been assessed under high adverse 
accelerations. The tested device was the square TGP with 30 x 30 x 1 mm inner vapor space and 
external dimensions of 40 x 40 mm
2
. The goal of this assessment was to achieve an effective 
thermal conductivity of greater than 500 W/m·K at 10 g adverse acceleration, in which the 
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condensed liquid must return to the evaporator against an acceleration body force. 
In order to assess the thermal performance of the polymer-based flat heat pipe heat 
spreader, its operational temperature distribution was compared to that of a sample with known 
thermal conductivity and equivalent external geometry, which in this case, was a reference 
copper block.  Heat was applied to the evaporator region using a ceramic heater (Watlow 
Ultramic) over an 8 x 8 mm
2
 area located at one corner of the device as shown in Figure 3.31a.  
           
Figure 3.31 Schematic diagram of (a) the experimental apparatus used to assess the performance 
of the flat polymer heat spreader and (b) the location of TCs on the heat spreader. 
 
The power input was calculated as the product of the current and the voltage supplied to heater. 
Three k-type thermocouples (TCs, ±0.1 K) were bonded to the surface of the evaporator region 
with thermal epoxy (Omegabond 101) and three were bonded to the condenser surface as shown 
in Figure 3.31b. A thin 8 x 8 mm
2
 copper plate was used to place the ceramic heater for heat 
input to the flat heat pipe heat spreader where the inner heating area of the heat spreader could be 
called the evaporator surface. Channels were formed into the copper plate to allow clearance of 
the TCs as also shown in Figure 3.31b.  A highly insulated solid aluminum bar was placed in 
contact with the heat spreader surface on the corner opposite to the evaporator area (the heater 
area). Each end of the solid aluminum bar was 20 x 20 mm
2
 and one end had TC clearance 
grooves also shown in Figure 3.31b.  The inner cooling area of the heat spreader is called the 
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condenser surface. The other end of the bar was placed in contact with an aluminum cold plate 
with constant 283 K chilled water flow. The solid aluminum bar served as the heat sink for the 
heat spreader. An equally spaced linear array of four K-type TCs embedded in the center of the 
10 x 10 mm
2
 condenser bar provided a measure of the actual heat flux being extracted, qout, from 
the condenser of the heat spreader using the following equation, 
x
T
Akq AlAlAlout


  (3.51) 
where kAl is the thermal conductivity of the aluminum condenser bar, AAl is its cross-sectional 
area, ΔTAl is the average temperature difference along its length, and Δx is the distance between 
TCs.  
The apparatus shown schematically in Figure 3.32 was used to experimentally evaluate 
the heat spreader under dynamic acceleration conditions and provide and extract heat.  
 
 
Figure 3.32 Illustration of the cold plate and device orientation on the rotation table. 
 
The solid aluminum bar was clamped to a cold plate and the heater was clamped to the heat 
spreader and each interface was coated with a thin layer of thermally conductive paste (Omega 
OT-201) which served as a thermal interface material. The entire apparatus was mounted to the 
centrifuge shown in Figure 3.33. 
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Figure 3.33 Centrifuge located at the Army Research Laboratory used to assess the thermal 
performance of the TGP from 0-10 g acceleration. 
 
 
This centrifuge allowed experimental evaluation of both the copper reference sample and the 
heat pipe heat spreader with the application of adverse radial acceleration, where the condensate 
must return to the evaporator against the acceleration force. The radial acceleration was varied 
from 0-10 g (0-98.1 m/s
2
) in increments of 2 g and held for three minutes each. The electrical 
power input to the heater was 20, 30, and 40 W. Electrical and TC connections were provided by 
a slip-ring system and chilled water was supplied and removed from the cold plate with a fluidic 
rotary union. 
The copper reference sample and the flat heat pipe heat spreader were both evaluated in 
the centrifuge testing fixture. An acrylic shield was placed around the test samples to avoid 
excessive heat loss from forced convection due to the extreme velocity of up to 22 m/s required 
to reach the required acceration magnitude. Measuring the thermal resistance of the copper 
reference sample with dynamic acceleration confirmed negligable heat loss due to forced 
convection while using the convection shield. 
To extract the effective thermal conductivity of the heat pipe heat spreader from the 
measurement of temperature distributions, the experimental temperature distribution of the 
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sample was compared to the temperature distribution obtained from a finite element analysis 
(FEA). The FEA modeling geometry was identical to the experimental sample’s geometry.  The 
temperature distribution of the copper reference sample calculated with FEA for 30 W power 
input is shown in Figure 3.34 along with the thin copper plate and the aluminum condenser bar.  
 
 
Figure 3.34 Resulting FEA temperature distribution of the copper reference sample, thin copper 
heater plate, and aluminum condenser bar with 30 W power input. 
 
The key to the data reduction was to determine the heat loss to the environment through natural 
convection. This goal was accomplished by the detailed comparison of the copper reference 
sample under different heat input and acceleration. With known thermal conductivity of the 
copper reference sample and the thin copper plate (391 W/m·K) and the aluminum (167 
W/m·K), the natural convection heat transfer coefficients were adjusted in the FEA to match the 
experimentally measured temperature distribution. The natural convective heat transfer 
coefficients were found to be 10 W/m
2
·K for the top surface of the heat spreader, 8 W/m
2
·K for 
the bottom surface of the heat spreader, and 4 W/m
2
·K for the surface of the aluminum bar.  Due 
to the relatively small heat loss from natural convection (<4%) owing to the high insulation even 
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under high acceleration and the large thermal conductivities of the test samples, the boundary 
conditions were held constant in all the cases for both the copper samples and the heat pipe heat 
spreaders.  
Figure 3.35 shows the diagonal temperature distribution of the copper reference sample at 
each TC location for the experimentally measured data and that obtained by the FEA at 40 W 
power input.  
 
 
Figure 3.35 Simulated and experimental diagonal temperature distribution of the copper 
reference sample at 40 W power input showing good agreement. 
 
The data shown is discontinuous and the lines connecting the points are for illustration purposes 
only. The deviation seen between the experiment and the FEA values indicated that the surface 
mounted TCs experienced excessive surface heating and cooling effects due to proximity contact 
with the heater element and the condenser bar and did not represent the true surface temperature 
measurement. This was confirmed when TCs were embedded at identical locations but slightly 
below the surface of the copper reference sample to observe the extent of the surface heating and 
cooling effects. In addition, heat spreading occurred along the 5mm outside border of the copper 
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reference sample. This further decreased the outside temperature of the evaporator region. That 
data was then used to determine the magnitude of temperature offset required to negate the effect 
of direct TC contact with the heater and cooling block. After offsetting a uniform, power-
dependent average temperature (-0.075q for the evaporator and +0.2q for the condenser), the 
average evaporator temperature and condenser temperature agreed very well between the model 
and the experiment.  
The same natural convection heat transfer coefficients were used to simulate the 
temperature distribution of the heat pipe heat spreader where the thermal conductivity of the heat 
spreader material was an input variable that varied from 390 to 2000 W/m·K. This analysis was 
used to determine the effective thermal conductivity of the heat pipe heat spreader under various 
power input and acceleration loadings by matching the average evaporator and condenser 
temperature between experimental data and the FEA simulations. 
The data collected from each experiment was in the form of the temperature of three 
thermocouples on the evaporator side (K-type ±0.1 K), three TCs on the condenser side which 
may be found in Appendix A.4-6, four TCs in the solid aluminum bar as a function of the 
electrical power input to the heater and the acceleration force in terms of g. Figure 3.36 shows 
the time dependent temperature difference (ΔT) between the average of the evaporator TCs and 
the condenser TCs for the copper reference sample and the flat heat pipe heat spreader at 20, 30, 
and 40 W power input under different accelerations. 
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Figure 3.36 Plot showing the temperature difference between the average evaporator and 
condenser temperatures of the TGP under high adverse acceleration for 20, 30, and 40 W power 
input. 
 
 
Power was applied to the heating element and the samples were held in a stationary horizontal 
position (0 g) for 8 minutes. The centrifuge then began rotation and was stepped through 2, 4, 6, 
8, and 10 g acceleration. Each rotational speed was maintained for three minutes and then the 
sample rotation was stopped after 10 g. The temperature difference (ΔT) offered a measure of the 
performace characteristics of the heat spreader materials. Small ΔT indicated a low thermal 
resistance and high effective thermal conductivity while a large ΔT indicated a high thermal 
resistance and low effective thermal conductivity. The copper reference sample exhibited a ΔT 
that was independent of acceleration and which varied from a minimum of 14.5 K/W at 20 W 
heat input to a maximum of 29.2 K/W at 40 W heat input. The heat pipe heat spreader showed 
lower ΔT values compared to the copper reference sample at all power levels up until 10 g 
acceleration for 30 and 40 W. At 20 W power input, the heat spreader ΔT decreased slightly as 
the acceleration began and rose significatly only at 10 g acceleration. It is suspected that this is 
due to the acceleration force extracting excessive liquid from the flooded evaporator to the 
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condenser side allowing a more efficient evaporation from the surface of the hybrid wicking 
structure. At power levels of 30 and 40 W, ΔT increased steadily with each step increase of 
acceleration because the flooded evaporator condition is mitigated due to the higher heat flux. 
The temperature difference returned close to the starting point after the acceration phase was 
completed for all power levels. The propagated uncertainty for the ΔT measurements was 
composed of three linear linear combinations (Te, Tc, and ΔT) as found in Appendix B and was 
calculated to be  ±0.336 K with a confidence level of 95% based on the natural variability of the 
thermocouple signal. The same results for ΔT is shown as time independent data in Figure 3.37. 
 
 
Figure 3.37 Plot showing the time independent temperature difference between the evaporator 
and condenser regions from 0-10 g adverse acceleration. 
 
 
Due to the heat losses through natural convection, the power input to the heater cannot be 
directly used for calculating the effective thermal conductivity or thermal resistance. The heat 
extracted from the copper reference sample and heat pipe heat spreader was then determined 
using Eq. 3.51 with a 1-D array of four k-type thermocouples embedded along the length of the 
solid aluminum bar. Figure 3.38 shows the heat, qout, transferred by both the copper reference 
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sample and the heat pipe heat spreader where the x-axis is the acceleration magnitude.  
 
 
Figure 3.38 Plot showing the heat output of the TGP under high adverse acceleration for 20, 30, 
and 40 W power input. 
 
 
The copper sample and heat pipe heat spreader exhibited similar quantities of heat transferred for 
each power level. Acceleration seemed to display a relatively small effect on this quantity with a 
change of 5.8%, 6.3%, and 8.5% at 20, 30, and 40 W respectively. Since the copper reference 
sample displayed no change with acceleration, it can be surmised that the higher acceleration 
impeded the heat pipe heat spreader condensate return to the evaporator with an increase in 
hydrostatic pressure. The combination of high viscous losses at 40 W power input and the 10 g 
acceleration of the heat spreader show the highest decrease in the heat transferred. The time 
independent heat transfer results are shown in Figure 3.39 along with propagated uncertainty 
values. 
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Figure 3.39 Plot showing the time independent heat transferred through the TGP with 
acceleration varying from 0-10 g. 
 
The propagated uncertainty of the qout calculation is shown in the figure and was composed of 
one linear and two non-linear combinations (ΔTAl, avg, AAl, and q) and ranged from ±1.79, 2.46, 
to 3.10 W for 20, 30, and 40 W heat input, respectively. 
As mentioned earlier, finite element analysis was used to determine the effective thermal 
conductivity of the heat pipe heat spreader. Often, the thermal conductance or thermal resistance 
is used in literature to characterize the thermal performance of heat pipes and vapor chambers. 
The overall thermal resistance of the heat pipe heat spreader can be defined by using the average 
evaporator temperature Te, qout, and the average condenser temperature Tc, 
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
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  (3.52) 
 
It is noted that the heat spreaders evaluated in this testing transferred heat two dimensionally 
rather than purely axially and hence this relation for effective thermal resistance is for the 
convenience of data presentation only.  
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The thermal resistance, R, calculated from results for ΔT and qout shown in Figures 3.37 
and 3.39, is shown in Figure 3.40. 
 
 
 
Figure 3.40 Plot showing the effective thermal resistance of the TGP under high adverse 
acceleration for 20, 30, and 40 W power input. 
 
 
The effective thermal resistance of the copper reference sample showed a constant value of 0.88 
K/W for 20 and 30 W power input and 0.93 K/W for 40 W power input.  The difference in 
thermal resistance when the heat input was higher is attributed to an increase in heat loss from 
convection and radiation due to higher sample temperatures.  It can be seen that the trend for the 
heat pipe heat spreader thermal resistance is similar to that of the ΔT data where there is an 
increase for each step increase of the acceleration. The same thermal resistance data is 
represented in Figure 3.41 in a time-independent format. 
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Figure 3.41 Plot showing the time independent effective thermal resistance of the TGP under 0-
10 g acceleration. 
 
 
The thermal resistance of the heat spreader generally increased as the power and acceleration 
was stepped up. The increase of power input increased the liquid mass flowrate through the 
wicking structure and therefore increased the viscous pressure loss. Also, the increase in 
acceleration lead to an increase in the axial hydrostatic pressure change. Each increase in 
acceleration force and power input decreased the excess capillary pumping pressure provided by 
the wicking structure and this is observed as an increase of thermal resistance. The propagated 
uncertainty of the thermal resistance measurements calculated in Appendix B shown in the figure 
is composed of one non-linear combination and was found to vary from a minimum of ±0.0413 
K/W at 20 W and 0 g to a maximum of ±0.129 K/W at 40 W and 10 g. 
As detailed earlier, the heat pipe heat spreader presents two-dimensional heat transfer 
characteristics. After the case studies by FEA throughout the 20-40 W power input range, the 
relation between the effective thermal resistance and the effective thermal conductivity are 
presented by a set of non-linear curves as shown in Figure 3.43. 
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Figure 3.43 Plot showing the correlation curves used to determine the effective thermal 
conductivity of the TGP at 20, 30, and 40W given the measured thermal resistance. 
 
 
The three power fit plots between the effective thermal conductivity and the effective thermal 
resistance calculated using Eq. 3.52 were generated from the FEA results corresponding to 20, 
30, and 40 W power input. The measured thermal resistance values of the heat pipe heat spreader 
are located on the vertical axis while the resulting effective thermal conductivities are located on 
the horizontal axis. This relation allowed determination of  the effective thermal conductivity of 
a test sample given its measured thermal resistance. A summary of the thermal conductivity 
values derived from the R/k relations shown in Figure 3.43 are plotted onto Figure 3.44 for the 
heat pipe heat spreader for 20, 30, and 40 W heat input powers. 
 
 
122 
 
 
Figure 3.44 Plot showing the effective thermal conductivity of the TGP from 0-10 g acceleration 
for 20, 30, and 40 W power input. 
 
 
This plot summarizes the effective thermal conductivities (keff) for all three power input levels 
under 0-10 g acceleration of the heat pipe heat spreader. The highest achieved thermal 
conductivity was 1653 W/m·K at 0g with 40 W heat input. The lowest value reached was 436 
W/m·K at 10 g with 40 W heat input. The keff for 30 and 40 W power input decreased steadily 
when the acceleration increased from 0-10 g. It is apparent that the flat heat spreader was still 
functional at 10g acceleration and with 40 W power. input. At 20 W power input, the keff began 
at 925 W/m·K, increased to 1037 W/m·K, and then dipped down to 541 W/m·K at 10 g 
acceleration. As stated earlier, it is speculated that the movement of excess liquid from the 
initially flooded evaporator region toward the condenser region due to acceleration force is 
observed as an increase in keff. The removal of excess liquid decreased the capillary radius of the 
liquid meniscus in the grooves and therefore increased the capillary pumping pressure. This also 
allowed for more efficient evaporation in the hybrid wicking structure as more of the mesh 
surface was exposed.  
The heat pipe heat spreader exhibited heat removal behavior at 10 g acceleration 
comparable to that of the copper reference sample. It may then be said that the capillary pumping 
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pressure generated by the liquid wicking structure was sufficeint to overcome the sum of the 
viscous liquid and hydrostatic pressure drops. The maximum capillary radius required to 
function at these experimental parameters may be calculated. It was seen earlier that the 
maximum liquid pressure loss occurred at 40 W heat input and 10 g acceleration. The calculated 
total pressure drop of 13400 Pa was due to viscous liquid loss and hydrostaic pressure loss. From 
calculations presented in the next section, the  capillary radius required to overcome this pressure 
drop is 10.4 µm while the existing groove capillary radius is 31 µm. Clearly, the liquid meniscus 
shown in Figure 3.45 at the interface between the top of the pillar structures and the woven mesh 
developed a smaller capilary radius and hence displayed a stronger capillary pumping pressure 
than the grooves. 
 
 
Figure 3.45 SEM image of the hybrid liquid wicking structure showing the possibility of a large 
capillary pumping pressure resulting from the small capillary radius formed between the top of 
the pillars and the woven mesh. 
 
 
The performance of a polymer-based flat heat pipe heat spreader with a hybrid wicking structure 
was assessed under various power and acceleration loadings. This heat spreader was fabricated 
on a flexible polymer substrate in which copper filled thermal vias were formed to decrease the 
thermal resistance through the device casing. The hybrid liquid wicking structure consisted of 
grooves formed with high aspect ratio copper micro-pillars with a woven copper mesh bonded to 
the top surface. The overall size of the assembled flat heat spreader was 40 x 40 x 1.2 mm with 
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internal vapor chamber of 30 x 30 x 1.0 mm and its performance was assessed with power inputs 
ranging from 20W to 40W over an area of 0.64 cm
2
 (31 to 63 W/cm
2
). The capillary pumping 
capability of the hybrid wicking structure was assessed under adverse gravitation force ranging 
from 0-10 g (0-98.1 m/s
2
). The highest effective thermal conductivity demonstrated was 1653 
W/m·K. As expected, the effective thermal conductivity of the heat spreader generally decreased 
with heat input and acceleration force due to increased liquid viscous and hydrostatic pressure 
losses. However, the heat spreader performance remained higher than that of a geometrically 
identical copper reference sample in nearly all cases despite the prediction of failure at 40 W 
power input. These results illustrate that a hybrid liquid wicking structure formed from high 
aspect ratio micro-pillars and woven copper mesh may be an attractive choice for heat pipes to 
cool application that vary in orientation and gravitational acceleration. 
 
 
 
3.5.3 TGP Pressure Losses 
As discussed previously, the capillary pressure developed in the liquid wicking structure must 
exceed the sum of all of the pressure losses in the device. Each pressure loss and gain of the TGP 
will be discussed in this section. 
 
3.5.3a. Vapor Viscous Pressure Losses 
To formulate an expression for the pressure drop of vapor in a heat pipe, a control volume of the 
vapor passage is developed with a differential thickness dx as shown in Figure 3.46. 
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Figure 3.46 Illustration of the control volume used to formulate an expression for the vapor 
pressure drop of a heat pipe. 
 
The analysis begins with Newton’s second law for a control volume which states that the sum of 
all surface and body forces is equal to the rate of change of momentum in the control volume 
(CV) and the sum of momentum in and out of the control surface (CS) as in the following 
relation. 
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Body forces are neglected because of the low density of vapor. The surface forces include the 
pressure on the left and right faces of the CV over the area Av and the shear force on 
circumference. The system is assumed to be at steady state and thus the first term on the right 
hand side of Equation 3.53 is zero. The sum of the momentum into and out of the control volume 
is seen in Figure 3.46 and is due to the mass flow of vapor through the left and right faces of the 
CV. This relation is written as, 
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Canceling like terms on the left side of force due to pressure on the CV and right hand side for 
momentum flux gives, 
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Expanding the derivative on the left hand side, 
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The area is approximated as constant along the length,  
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Results in the expression, 
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The term on the right is the actual momentum through Av. A momentum correction factor, β, is 
introduced to allow for calculation of momentum using the average values of velocity and mass 
flow rate. 
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Assuming a parabolic velocity profile, the momentum correction factor is dependent on the 
geometry of the flow area and is equal to 1.25 for annular passages, 1.33 for circular passages, 
and 1.44 for rectangular passages [57]. Using the correction factor in Eqn. 3.58 gives, 
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(3.61) 
 
dx
qd
AA
C
dx
dP
vvv
vv
2
22


 
(3.62) 
The first term on the right of Equation 3.62 is the pressure drop due to viscous losses and 
substituting the following relations for frictional stress at the vapor-solid interface, Reynolds 
number, average vapor velocity, and mass flow rate, 
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gives the final relation for the pressure gradient of vapor flow in a rectangular channel. 
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(3.67) 
The first term on the right is the pressure gradient due to the viscous effects and the second term 
is the pressure gradient due to dynamic pressure effects. The TGP device experiences relatively 
low values of Reynolds number for the range of operating heat input levels (Figure 3.47) and 
thus the dynamic pressure effects are neglected.  
The Reynolds number and Mach number must be calculated in order to determine if the 
vapor is flowing in the laminar or turbulent regimes or should be treated as incompressible or 
compressible. If the Reynolds number is below 2300 it is safe to assume laminar flow and when 
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the Mach number is below 0.2 it is safe to assume an incompressible fluid. The Reynolds number 
is defined as the ratio of inertial effects to viscous effects or, 
 
   
q
msNmkgJ
qm
A
qrvd
vv
vh
v 80.3
/104.1000002.0/2402000
)00095.022
Re
262
,





 (3.68) 
It can be seen in Figure 3.47 that the vapor flow is laminar in the range of 0-200 W. The Mach 
number is the ratio of the vapor velocity to the velocity of sound in the vapor or, 
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 It may also be seen in Figure 3.47 that the Mach number of the vapor is below 0.2 in the range 
of 0-200 W power input and can thus be considered incompressible. 
 
 
Figure 3.47 Plot showing the resulting Reynolds and Mach numbers of the vapor flow and 
various power inputs to the TGP.  
 
 
Integrating Equation 3.67 along the length of the TGP gives the following expression for the 
vapor pressure drop in the device. 
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C is a constant that depends on the Mach number of vapor flow and can be assumed to be 1.00 
for Ma < 0.2. The friction factor Reynolds number (fv·Rev) is found to be 14 from the plot in 
Figure 3.48 and an aspect ratio of 20.   
 
Figure 3.48 Plot showing the relationship between the aspect ratio of a rectangular flow channel 
and the resultant drag coefficient f·Re [58]. 
 
 
The hydraulic diameter of the rectangular and square TGP vapor space, dh,v , and the vapor flow 
area, Av, are calculated by, 
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Using all of the derived variables and assumptions to calculate the vapor pressure drop gives, 
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The result of which is shown in Figure 3.49. 
 
 
 
Figure 3.49 Plot of the vapor pressure drop with power input for the TGP device. 
 
 
The expression given by for the vapor pressure drop in cylindrical heat pipes is [1], 
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The fact that the derived and given expressions for the vapor pressure drop are nearly identical 
indicate that the geometry of the TGP vapor flow path may be assumed to be the same as that of 
a cylindrical heat pipe. 
 
3.5.3b  Liquid Viscous Pressure Losses 
The pressure drop of the liquid flowing in the hybrid wicking structure of the TGP is derived by 
integrating the pressure gradient along the length of the device. 
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The same procedure is used for the liquid flow as was used for vapor flow in the previous 
section. First, a control volume is defined and the momentum relation is applied with Taylor 
series expansion of pressure forces on each end and shear force on the exterior surface as in 
Figure 3.50. 
 
Figure 3.50 Illustration showing the control volume used to determine the liquid pressure drop 
due to viscous effects. 
 
 
The body forces of the momentum equation are neglected as are both terms on the right side due 
to steady state and incompressible assumptions. 
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Summing all the surface forces yields, 
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Substituting the expression for the shear pressure, Reynolds number, and liquid velocity, 
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Integrating along the length and simplifying Eqn. 3.84 with an expression for the permeability 
gives the liquid pressure drop due to viscous losses of the condensate flowing to the evaporator 
section. 
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K is the permeability (also known as the hydraulic conductivity) of the wicking structure. For 
screen covered rectangular grooves at low Reynolds numbers in the laminar region, the screen 
has little effect on the permeability and it is expressed as [6], 
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Grooves 
The wick geometry consists of rectangular grooves as in Figure 3.51 with a constant height of 
100 µm, pillar width equal 200 µm, 100 µm, or 50 µm, and groove width, ω, varying from 8-200 
µm depending on the pillar coverage percentage as in Table 3.3. 
 
 
Figure 3.51 Geometry of the rectangular grooves for the TGP. 
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Table 3.3 Groove width (ω) for given pillar width and pillar coverage area. 
 
Pillar Width 75% Coverage 50% Coverage 25% Coverage 
200 µm 31 µm 83 µm 200 µm 
100 µm 16 µm 41 µm 100 µm 
50 µm 8 µm 21 µm 50 µm 
 
The geometry of the rectangular grooves is shown in Figure 3.51 where the groove height δ is 
100 µm, the groove width ω is 31 µm, and the groove pitch is 231 µm. The aspect ratio, α, is 
used to determine the friction Reynolds number of flow of liquid in the grooves from an 
empirical relation [59] and for 31 μm grooves the following expression is obtained,  
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The friction Reynolds number is then, 
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 The porosity, hydraulic diameter, and permeability of the grooves is, 
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(3.91) 
The cross sectional area of the liquid flow path, Aw is calculated as the product of the wicking 
height and width of the flow area for the rectangular and square TGPs, 
   266, 100.2020.010100 mxmmxWA rectw    (3.92) 
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   266, 1098.10198.010100 mxmmxWA squarew    (3.93) 
This all results in the viscous liquid pressure loss dependent on the power transferred q. 
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(3.95) 
The results for all pillar widths and percent coverage are shown in Table 3.4. 
 
Woven Mesh 
The porosity ε is the ratio of empty space to total space of the mesh and is given in Equation 
3.31. The crimping factor S is ≈1.05, and the mesh number N and wire diameter d is given in 
Table 2.1. 
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The mesh permeability is given by the Blake-Kozeny equation that has been modified to fit 
empirical data of flow through a woven mesh and is of the form, 
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The cross sectional area, Aw, of the mesh is twice the diameter in thickness and width W, 
   266, 10032.202.0108.5022 mxmmxdWA rectw    (3.98) 
   266, 10012.20198.0108.5022 mxmmxdWA squarew    (3.99) 
These values result in a liquid viscous pressure loss of, 
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(3.101) 
The values calculated for the liquid pressure drop through the various wicking structures and 
TGP geometries is presented in tabulated for in Table 3.4. 
 
Table 3.4 Detail of the geometry and resulting permeability and pressure drop for liquid flow 
through grooves and woven mesh. 
 
Coverage Pillar Width 
(µm) 
Groove 
Width (µm) 
K (m
2
) ΔPL/q 
(rectangle) 
ΔPL/q 
(square) 
75% 200 31 1.11E-11 368 280 
 100 16 3.05E-12 1340 1020 
 50 8 7.53E-13 5433 4135 
50% 200 83 1.41E-10 29.1 22.1 
 100 41 4.14E-11 98.9 75.3 
 50 21 1.13E-11 362 275 
25% 200 200 7.14E-10 5.7 4.4 
 100 100 3.12E-10 13.1 10.0 
 50 50 1.03E-10 39.8 30.3 
Mesh Only   5.84E-11 69.0 52.4 
 
The same data is presented graphically in Figure 3.52. 
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Figure 3.52 Liquid pressure drop in the square 4 x 4 cm
2
 TGP at various power inputs, pillar 
sizes, and pillar coverage percentages. 
 
 
It can be seen that as the power input increases, the viscous pressure drop also increases due to 
larger liquid flow rate. In addition, narrower grooves show an increase in pressure loss as 
expected from the fact that viscous liquids lose greater pressure when flowing through narrow 
channels. 
 
3.5.3c Hydrostatic Pressure Losses 
The effect of various TGP tilt angles may be determined by including the hydrostatic pressure 
drop term along the length of the device P||. For the rectangular and square TGPs, the 
longitudinal pressure drop dependent on the tilt angle is, 
 
     sin487sin05.0/81.9/1.992sin 23||  msmmkggLP L Pa (Rectangular) (3.102) 
     sin409sin042.0/81.9/1.992sin 23||  msmmkggLP L Pa (Square) (3.103) 
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The pressure drop of the rectangular and square TGP oriented vertically and adverse at various 
values of gravitational acceleration where Ng is the gravitational acceleration number is, 
 
    gggL NNmsmmkggLNP 48705.0/81.9/1.992 23||    Pa (Rectanglar) (3.104) 
    gggL NNmsmmkggLNP 409042.0/81.9/1.992 23||    Pa (Square) (3.105) 
 
The longitudinal pressure drop due to gravitational acceleration, Ng, is, 
 
 
     ggL NmsmNmkggLP 48705.0/81.9/1.992sin 23||    Rectangular (3.106) 
 
     ggL NmsmNmkggLP 409042.0/81.9/1.992sin 23||    Square (3.107) 
 
The hydrostatic pressure drops are shown tabulated  in Table 3.5. 
Table 3.5 Showing the relationship between the acceleration and the resulting hydrostatic 
pressure drop for liquid in rectangular and square TGP geometries. 
 
Acceleration 1 2 3 4 5 6 7 8 9 10 
ΔP|| (Pa) 
Rectangular 
487 974 1461 1948 2435 2922 3409 3896 4383 4870 
ΔP|| (Pa) 
Square 
409 818 1227 1636 2045 2454 2863 3272 3681 4090 
 
 
As expected, the hydrostatic pressure drop increases linearly with acceleration force and the 
square TGP experiences less pressure drop due to its smaller effective length. 
 
3.5.4 Capillary Pressure 
In order for any heat pipe to operate effectively, the sum of the pressure drops in the system must 
be less than the capillary pumping pressure generated by the liquid wicking structure. This is be 
shown in the following relation, 
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    
effeff L
cpheph
L
L
v
c PPPPdx
dx
dP
dx
dx
dP
P ||,,max  (3.108) 
where the term on the left is the maximum capillary pumping pressure and the terms on the right 
are (from left to right): the vapor  pressure drop, the liquid pressure drop, the evaporation phase 
change, the condensation phase change, the perpendicular hydrostatic pressure, and the 
longitudinal hydrostatic pressure.  
The calculation of the maximum capillary pumping pressure begins with the Laplace-
Young equation. 
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RR
Pc   (3.109) 
The surface tension of the liquid is σ and R1, R2 are the radii that form the curvature of the 
meniscus in orthogonal directions. The two radii are assumed to be equal because of the 
symmetry of the mesh used in the TGP.  The resulting radius is replaced with its relation to the 
liquid-solid contact angle and the capillary radius (rc) shown in Figure 3.53. 
 
 
Figure 3.53 Illustration showing the relationship between the geometry of the meniscus 
curvature, contact angle, and the capillary radius. 
 
 
The resulting expression for the capillary pressure is, 
 
c
c
r
P
 cos2
  (3.110) 
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The actual pumping pressure from the condenser to the evaporator is due to the difference in 
capillary radius from one end to the other. 
ccec
c
rr
P
,,
max,
cos2cos2 
  (3.111) 
The capillary radius at the condenser, rc,c is usually assumed to be infinite (or flat across the 
mesh) resulting in the expression, 
ec
c
r
P
,
cos2 
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(3.112) 
The capillary radius rc, is the minimum radius formed by the liquid pulled into the pores formed 
by the wicking structure of the heat pipe. Figure 3.54 illustrates three different menisci creating 
low (top), medium (middle), and high (bottom) capillary pumping pressure. 
 
Figure 3.54 Liquid meniscus between the wires of a woven mesh at three different levels where 
the minimum meniscus radius is rc occurs when two adjacent menisci meet. 
 
 
The capillary radius for mesh covered rectangular grooves is dominated by the geometry of the 
mesh and is given by the relation [60], 
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/78742
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(3.113) 
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It is at this radius that adjacent menisci meet and rupture, and is thus the minimum radius that 
may be obtained by a woven mesh wicking structure. 
Using the geometry of the TGP woven mesh and an advancing / receding wetting contact 
angle of 84/33° [61] (average 59°) results in the following value for the maximum capillary 
pumping pressure of the #200 woven copper mesh, 
 
    2
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3
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 (3.114) 
If the capillary pumping pressure is due solely to the rectangular flow channels, the capillary 
radius rc is the groove width ω and the capillary pumping pressure is then, 
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(3.115) 
The groves of the as tested TGP devices are 31 μm wide and result in a capillary pumping 
pressure of about twice that of the mesh alone. The effect of groove width and copper/water 
contact angle was also calculated and the results shown in Figure 3.55. 
 
 Figure 3.55 Plot of the capillary pressure for various groove widths and contact angle for water 
on copper where the red line represents the average value of contact angle given by [61].  
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The capillary pressure increases quickly for decreasing groove width and the smaller contact 
angles result in higher capillary pressure. The capillary relationship is then applied to specific 
TGP groove and mesh geometries and the resulting pressures are plotted in Figure 3.56. 
 
 
Figure 3.56 Plot showing the theoretical capillary pumping pressure of various wicking 
geometries and the effect of liquid contact angle (wettability). 
 
 
As seen in the previous figure, the capillary pressure increases with decreasing groove width and 
contact angle and the largest capillary pressure is approximately 18000 Pa resulting from the 50 
μm pillars with 75% coverage area. 
 
 
3.5.5 TGP Capillary Limit     
Now that all pressure losses and gains are known, the maximum heat transferred by the TGP 
before a dry-out condition occurs in the evaporator may be calculated from the pressure drop 
relation, 
    
effeff L
cpheph
L
L
v
c PPPPdx
dx
dP
dx
dx
dP
P ||,,max
 
(3.116) 
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The phase change and transverse pressure drop pressure drops (ΔPph,e, ΔPph,c, ΔP+) are neglected 
resulting in the expression, 
  ||max PPPP lvc 
 
(3.117) 
The plot of this relation is shown in Figure 3.57 at 0 g acceleration with heat transfer ranging 
from 5-50 W.  
 
 
Figure 3.57 Plot of excess capillary pressure of the wicking structure after viscous losses at 0g 
and from 5-50 W power input.  
 
 
Where the excess pressure drops below the x-axis, the heat pipe is predicted to fail due to 
insufficient capillary pressure. Note that the liquid viscous pressure loss of the 50 μm, 75% case 
is greater than the capillary pressure at 5 W and is out of range. 
The maximum heat transfer for a woven mesh driven TGP device is theoretically given 
as,  
      222 /69/01.1/1136 mNqmNqmN  = 2.16q W (Rectangular) (3.118) 
 
      222 /4.52/01.1/1136 mNqmNqmN  = 2.21q W (Square) (3.119) 
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This value is the theoretical maximum heat that the current TGP devices can transfer at 0g 
(horizontal) orientation before a dry-out condition occurs in the evaporator region. Now 
including this pressure drop into the total pressure drop of mesh driven TGP devices yields, 
sin4876900.11136  qq  (Rectanglar) (3.120) 
70
sin4871136 
q  (Rectanglar) (3.121) 
sin4094.5200.11136  qq  (Square) (3.122) 
4.53
sin4091136 
q  (Square) (3.123) 
Plotting this relationship gives the effect of the tilt angle and gravitational acceleration on the 
maximum heat transferred by the device and is seen in Figure 3.58. 
 
 
Figure 3.58 Plot of the effect of the tilt angle on the maximum heat transferred by the TGP 
device. 
 
The TGP devices that have been fabricated and assessed used a hybrid wicking structure 
consisting of an array square pillars forming grooves and topped with a woven mesh. The goal of 
this device was to transfer heat effectively at 10 g adverse acceleration. This required a wicking 
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geometry at a smaller scale than 200 µm groove width and it can be seen in Figure 3.58 that the 
maximum acceleration that the current geometry can withstand before dry-out of the evaporator 
is 4 g.  
 The following analysis determines the effect of groove spacing on the maximum heat 
transferred by the TGP device. The capillary effect of the woven mesh is neglected because of its 
relatively large size scale compared to the required groove width. The same analysis is used as 
with the previous example starting with the pressure balance. 
||PPPP Lvc   
(3.124) 
The capillary pumping pressure for rectangular grooves is given by, 
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The vapor pressure drop is, 
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The liquid pressure drop is,  
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(3.127) 
The permeability, K, of grooves is calculated with the following relation, 
lL
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(3.128) 
The hydraulic radius of the grooves is, 
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(3.129) 
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and the friction coefficient, f·Re, is determined from the plot in Figure 3.48 showing its 
dependence on the aspect ratio of the liquid channels, a=ω/δ. Resulting in a permeability of, 
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(3.130) 
All of the derived pressure drops are then combined to form the expression showing the 
dependence of q on the groove width and gravitational acceleration. 
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(3.131) 
The data are plotted in Figure 3.59 and it can be seen that the groove width must be at most 
about 30 µm in order to transfer any heat at 10 g acceleration. 
 
 
 
Figure 3.59 Plot illustrating the theoretical maximum heat transferred by the TGP device for 
given rectangular groove width with a height of 100 µm at 1-10 g acceleration and with a 90° 
adverse tilt angle.  
 
The experimental results have shown better performance than has been predicted by the 
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theoretical analysis. It was concluded that the combination of grooves and woven mesh in the 
hybrid wicking structure was able to provide a stronger capillary pressure than either one on their 
own. 
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4 Flexible Thermal Ground Plane 
The following chapter details the fabrication, assembly, and thermal performance assessment of 
flexible thermal ground planes with various power inputs, flex angles, and geometries. 
 
4.1 Fabrication and Assembly 
The casing material of the flexible thermal ground plane was designed and developed using 
commercially available material commonly called Mylar and consisting of layers of polyethylene 
terephthalate, polyethylene, and aluminum. The details and dimensions of the composite material 
are shown in Figure 4.1. 
 
Figure 4.1 Layers comprising the PAKVF4W Mylar material used as the casing for flexible 
thermal ground planes [62]. 
 
The majority of the material thickness consists of 89 µm thick linear low density polyethylene 
terephthalate (PET). There is a 9 µm thick layer aluminum which serves as a vapor and gas 
diffusion barrier. This is then topped with a 20 µm thick layer of white colored polyethylene 
(PE) for opacity and then the outer layer consists of a 12 µm thick layer of PET. This specific 
material has wide spread application to long term food packaging and preservation. The overall 
geometry is shown in Figure 4.2. 
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Figure 4.2 Layout and dimensions of the PET based flexible thermal ground plane. 
 
This geometry has been dictated by the maximum size of the sintered wicking structure able to 
be generated in the fabrication apparatus. The wicking material is triple layer sintered copper 
mesh with wire diameter/spacing of 51/76 µm. The sintered wick was coated with ALD SiO2 to 
promote hydrophilic behavior. This wick was then embedded into the inner layer of LLDPET of 
the Mylar casing. The top and bottom casing layers were then thermally welded together and the 
evacuation/charging tube was inserted and sealed with vacuum epoxy. 
 
4.1.1 Copper Mesh Sintering 
Triple-layer sintered copper mesh has been chosen to serve as the liquid wicking structure of the 
flexible thermal ground plane. The device thermal performance has been assessed with single 
and double copper mesh layers and the effective thermal resistance of the FTGP was high. Three 
layers of copper mesh have been sintered using a high temperature furnace shown in Figure 4.3.  
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a)  b)  
Figure 4.3 a) Furnace used to sinter multiple layers of copper mesh at 1030°C for 2.5 hours in an 
Argon atmosphere. b) Sample arrangement in the furnace chamber. 
 
The process used to sinter the meshes was to apply a uniform pressure onto the mesh layers in a 
1030°C Argon environment for 150 minutes as shown in Figure 4.4. 
 
 
Figure 4.4 Furnace process used to sinter copper woven meshes to form the FTGP liquid 
wicking structure. 
 
The furnace chamber was evacuated of most gasses using a diffusion pump in combination with 
a mechanical roughing pump prior to the furnace process. Once the pressure of the furnace 
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chamber reached 5 milli-Torr, the vacuum valve was closed and Argon was introduced into the 
furnace chamber. The pressure of the Argon atmosphere was maintained slightly higher than 
atmospheric which ensured minimum oxygen leakage into the chamber. The presence of the 
Argon halted the oxidation of the copper. Some examples of sintering results are shown in Figure 
4.5.  
a.          b.  
Figure 4.5 Two results of the sintering of copper meshes. a) Rectangular sample is 13 layers and 
730 µm thick. b) Round sample is 3 layers and 250 µm thick. 
 
Depending on the orientation of the copper meshes, the thickness of each layer ranged from 57 
µm to 121 µm. After forming the sintered meshes, the pieces were formed into the required 
dimensions and coated with ALD TiO2. A scanning electron microscope (SEM) image of 
identical multi-layer sintered copper mesh is shown in Figure 4.6 [63]. 
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Figure 4.6 Scanning electron microscope image of multi-layer sintered woven copper mesh [63]. 
 
 
It can be seen that the sintering joined adjacent wires together with small welded bonds.  
 
4.1.2 FTGP Assembly 
The assembly process consisted of the following steps. 
1. Two 13x7cm and one 9.5x5 cm sheets of Mylar were formed. 
2. The smaller PET film piece served as reinforcement for the top and was thermally 
bonded to the large PET film allowing 1 cm on three edges.  To bond the layers, they 
were sandwiched between a flat ceramic plate and a 6 mm thick glass slide as shown in 
Figure 4.7a.  
a) b)  
 
Figure 4.7 Process used to bond a) PET to PET and b) copper liquid wicking structure to 
PET (b). 
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The ceramic plate was placed onto a 300°C hotplate while firm uniform pressure is 
applied to the glass on top. The ceramic plate was then removed from the hotplate once 
the LLDPET had completely melted and bonded to its mating sample. 
3. An identical procedure was followed for the copper wicking sheet and the second large 
PET film as shown in Figure 4.7b. 
4. The two large PET films were then thermally welded on two edges. The long edge was 
welded first on a heat sealing machine. The short edge was then welded in the same way 
except that a 4 cm long copper charging tube was placed between the films and 2 cm of 
the length was allowed to remain extended. This step did not seal the short edge but was 
used to simply hold the charging tube in place. 
5. The seam with the charging tube was sealed with vacuum epoxy. The adhesive was 
inserted into the seam while the copper charging tube was temporary sealed with a copper 
wire to prevent blockage from epoxy. Closed cell foam strips were then placed on both 
sides of the seam and uniform pressure was applied to the surfaces as illustrated in Figure 
4.8. 
 
 
Figure 4.8 Assembly technique for the seam containing the copper charging tube. 
 
 
The vacuum epoxy was permitted to cure at room temperature for 12 hours before 
continuing assembly. 
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6. Once the epoxy was cured, the woven nylon vapor mesh was inserted between the layers. 
While holding the two remaining open seams open, the entire FTGP was cleaned with O2 
plasma for 45 seconds. 
7. The remaining two open seams were then thermally welded.  
8. The device was then placed onto a turbo-molecular vacuum pump and the 
evacuation/charging procedure was similar to the TGP devices discussed in Chapter 2. 
A photograph of a completed FTGP is shown in Figure 4.9 and is opened up to allow viewing of 
the triple-layer copper mesh wicking structure, charging tube, and the woven nylon vapor mesh. 
 
 
Figure 4.9 Showing the inner structure of the FTGP using multi-layer sintered copper mesh as a 
wicking material and woven nylon mesh to maintain the vapor space. 
 
Two different thicknesses of FTGP have been assembled and their cross sections are shown in 
Figures 4.10a-b 
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a) b)  
 
Figure 4.10 Illustration of the thickness of each layer for the a) thick FTGP and the b) thin 
FTGP. 
 
The thick FTGP was 2.1 mm overall thickness and the thin FTGP was 1.31 mm overall 
thickness. The only difference between the two types of device was the woven nylon vapor 
mesh. The thick device was charged with 300 cm (1.48 ml) length of degassed, distilled water 
and the thin FTGP was charged with 170 cm (0.841 ml) length of degassed, distilled water. 
These charging quantities were determined using the glass slide of a temporary assembly 
apparatus which allowed determination of the liquid quantity and behavior in the device during 
live operation. 
 
4.2 FTGP Thermal Performance 
The assembled and charged flexible thermal ground planes were assessed for thermal 
performance and compared to a copper reference sample with equivalent external geometry. The 
charged devices were placed in a test apparatus with a 25 x 25 mm
2
 ceramic/copper heater on the 
evaporator region and a 25 x 25 mm
2
 aluminum heat sink on the condenser region as seen in 
Figure 4.11. 
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Figure 4.11 Photo of the FTGP being assessed for thermal performance in the flexing apparatus. 
 
The heater and aluminum heat sink contained five K-type thermocouples arranged as previously 
seen in Figure 4.2. These thermocouples were embedded into the surface of the heater and heat 
sink, sealed with thermally conductive epoxy, and polished flush with the surface. This allowed 
the benefit of relatively quick and identical assessment of the FTGP devices and copper 
reference samples. Both the heater and heat sink were clamped to the devices with acrylic plates 
on the backside to protect and allow uniform pressure to be applied. The acrylic plate on the back 
of the condenser region was extended into a 2.5 cm radius curve that extended to 90°. This plate 
was essential for producing consistent radius of curvature in individual assessments and from 
test-to-test. 
 The electrical power applied to the heater was varied from 5-25 W (0.78-3.88 W/cm
2
). 
The resulting thermal resistance of the thick FTGP with respect to power input and flex angle is 
shown in Figure 4.12. 
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Figure 4.12 Effective thermal resistance of copper and a thick FTGP with a power input from 5-
25 W and flex angles from 0-90°. 
 
It was found that the thermal resistance increased at higher input powers which are consistent 
with previous thermal assessment of non-flexible TGPs. The flex angles of the FTGP were either 
0°,45°, or 90°and it is seen that the thermal resistance generally increased with flex angle but 
more so at lower power inputs. It is speculated that at lower powers, the vapor pressure in not 
sufficient to bypass the flex in the adiabatic region of the device. At higher powers, the vapor 
pressure increases and pushes past the decreased vapor area caused by the flexure. 
 The FTGP with the thinner nylon spacer was thermally assessed in the same manor and 
the effective thermal resistance is shown in Figure 4.13. 
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Figure 4.13 Effective thermal resistance of copper and a thin FTGP with a power input from 5-
25 W and flex angles from 0-90°. 
 
 
The power input to the FTGP ranged from 5-25 W and the device was oriented horizontally. The 
thermal resistance was less than both a bare copper sample and a PET jacketed copper sample. 
This thermal performance, combined with the fact that the FTGP was less than 25% the mass of 
the copper reference, and that the materials used to create the device were very inexpensive, 
show that this device has the potential to effectively advance the state of the art of thermal 
management systems. 
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5. FURTHER STUDIES 
There are a number of issues and problems that may be solved to greatly improve the 
performance, reliability, and flexibility of the FTGP device.  
ALD TiO2 was used to increase the capillary pumping pressure of the TGP hybrid micro 
wicking structures. As mentioned in the fabrication section of Chapter 2, when the electroplating 
current density was too low while bonding the woven copper mesh to the top of the pillar 
structures, micron-scale copper crystals formed on the surface. These structures are shown in 
Figure 5.1. 
    
a)     b)   
Figure 5.1 a) Copper crystals formed on the b) copper mesh when the current density of copper 
electroplating was too low. 
 
It is hypothesized that these crystal formations have the potential to enhance evaporation hear 
transfer from the evaporator surface. Also, multiple layers of mesh may enhance the capillary 
pumping pressure and enable performance at high g acceleration. 
 It is desired to design future TGP device to be larger in area. One goal is to create a 20 x 
40 cm
2
 thermal ground plane capable of accepting multiple heat generating components and 
removing the heat with a minimum ΔT. A full sized mock up was formed and assembled 
containing three 2 x 2 cm
2
 evaporator pads and one 10 x 10 cm
2
 condenser pad as in Figure 5.2. 
. 
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Figure 5.2 A full scale mockup of the proposed final device of 20 x 40 cm
2
 was constructed. 
 
Since a thin spacer layer will allow more flexibility, a related goal is to construct a functional 
ultrathin FTGP. One attempt has been made and can be seen in Figure 5.3. 
 
 
       
 
Figure 5.3 Device assembled with a 0.5mm vapor space held by a shaped wire. It was tested and 
didn’t perform as expected. 
 
The device used a shaped copper wire to hold the vapor space and to provide liquid 
communication. Unfortunately, the device didn’t perform as well as expected. This geometry has 
the potential to be revisited in the near future.  
 One of the challenges of creating a flexible TGP is the frame structure. The frames used 
are typically rigid and made from FR-4 and copper. If the edges of a TGP could be thermally 
bonded without a spacer, a much thinner and compliant device may be fabricated. The standard 
recipes from Rogers Corporation for the bonding of LCP materials together are shown in Figure 
5.4.  
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a) b)  
Figure 5.4 Plots showing a) temperature dependence of the modulus of two types of LCP  and b) 
suggested processing parameters for thermally bonding LCP material [64]. 
 
With some time and effort, this procedure may be used to seal future FTGPs. 
Thermocouples have posed a problem for monitoring the temperature of the evaporator of 
the TGP. A TC needs about 0.5mm space under the heater. This space requirement causes a large 
and unnecessary thermal resistance. If a thin film resistance temperature sensor were fabricated 
onto the evaporator, the space requirement would be negligible. Attempts have been made in the 
past to fabricate a sensor shown in Figure 5.5.  
 
Figure 5.5 Design of the resistance temperature sensor used to accurately measure evaporator 
temperature without the use of thermocouples. 
 
 
The sensors were thermally evaporated and plated nickel patterned on a sputtered SiO2 layer 
which served as a dielectric isolation from the copper evaporator. The attempts made at this 
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fabrication failed while other responsibilities took priority. Figure 5.6 shows two examples of 
resistance temperature detector (RTD) fabrication.  
 
 
Figure 5.6 Result of preliminary RTD fabrication attempts. The sensors on the top images did 
not receive RIE treatment prior to fabrication. The bottom ones did receive RIE and adhesion to 
the SiO2 was improved.  
 
 
The images of the sensors with 30 µm line width and 10 µm thick nickel on the top of the figure 
showed poor adhesion. A sample treated with reactive ion etching (RIE) showed much improved 
adhesion. Still, the device was not tested on a TGP. 
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Appendix A: Raw Data from TGP Testing 
 
 
Figure A.1 Temperatures of the 3x3 cm
2
 TGP at 0° tilt (0g). 
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Figure A.2 Temperatures of the 3x3 cm
2
 TGP at 90° tilt (-1g). 
 
Figure A.3 Temperatures of the 3x3 cm
2
 TGP at -90° tilt (1g). 
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Figure A.4 TGP assessed at 20 W power input from 0-10 g acceleration. 
 
 
Figure A.5 TGP assessed at 30 W power input from 0-10 g acceleration. 
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Figure A.6 TGP assessed at 40 W power input from 0-10 g acceleration. 
 
 
Figure A.7 The Goonies represent a four piece 80s tribute band from Boulder, CO. 
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Appendix B: Derivation of Experimental Uncertainty 
 
The determination of the uncertainty of measurements was required in order to accurately report 
the collected data on TGP thermal performance assessments. The source of experimental 
uncertainty is in all measurements including but not limited to: length, time, temperature, 
voltage, current, and thermal conductivity. For the thermal performance measurements of the 
TGP, the first source of uncertainty stems from the thermocouple measurements. Figure B.1 
shows an example of data collection of a K-type TC mounted onto the evaporator section of a 
TGP device. 
 
 
Figure B.1 Example of the uncertainty of temperature data collected by a thermocouple used to 
measure the performance of the TGP device. 
 
It can be seen in that the average of that set of temperature data was 20.972°C and the standard 
deviation was σ=±0.0168°C. The standard deviation represents a 68.3% confidence interval or 
the fact that 68.3% of the data are found within those limits. A 95% confidence interval may be 
found in the limits of the average ±2.58σ and is found to be ±0.0329°C. In order to be 
conservative and to simplify the uncertainty calculations, an uncertainty of ±0.1°C was assumed 
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for all TC measurements. 
 Error propagation occurs when measured quantities are used to calculate various other 
values. For example, the three thermocouples used to measure the temperature of the evaporator 
region has been combined to give the average evaporator temperature using the following 
relation, 
3
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,
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avge
TTT
T

  (B.1) 
The same relation was used to determine the average condenser temperature. It is known that Te1, 
Te2, and Te3 all have an uncertainty of ±0.1 K but it is required to know the uncertainty of Te,avg. 
The propagated uncertainty of linear combinations can be found using the following relation 
derived from differential equations and treating uncertainties as differential quantities, 
2222 zyxw    (B.2) 
where δ is the uncertainty of a quantity x, y, z, or w. Applying this relation to the three TC 
temperatures gives, 
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This results in a propagated uncertainty for the average evaporator temperature of ±0.173 K. The 
same applies to the average condenser temperature δTc. From this, the propagated uncertainty 
may then be found for the temperature difference ΔT between the evaporator and condenser as, 
222 2 ece TTTT    (B.4) 
This results in a propagated uncertainty for the TGP temperature difference of ±0.336 K.  
 The same procedure is accomplished for calculating the heat being extracted from the 
aluminum heat sink except in this case there are multiple linear and non-linear combinations. 
First, the uncertainty of the temperature gradient along the four TCs located along the heat sink 
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is determined. There are three temperature differences between the four TCs as shown in Figure 
B.2.  
 
 
Figure B.2 Schematic diagram of the aluminum heat sink used to extract and measure heat from 
the TGP condenser. 
 
The propagated uncertainty of the ΔTAl measurements are found by the linear combination 
relation, 
2
2
2
1321 AlAlAlAlAl TTTTT    (B.5) 
The resulting uncertainty of the ΔTAl calculation is ±0.141 K. The average of the three ΔTAl 
calculations were then used to determine the temperature gradient of the heat sink as in the 
following relation,  
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The uncertainty of this quantity is found with the linear relationship and calculated as, 
2
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1, 3 AlAlAlAlavgAl TTTTT    (B.7) 
This quantity is then ±0.244 K. The next measurement uncertainty is located in the length 
quantities located in the geometry of the aluminum heat sink. The cross sectional area is used in 
Fourier’s law to determine he heat being transferred and is calculated as the product of the height 
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and width. 
HWAAl   (B.8) 
The uncertainty relation of the area calculation is derived from the non-linear combination 
relation from partial differential equations, 
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where δX, δY, δZ, are the uncertainty of the independent variables X, Y, and Z, while the 
uncertainty of the dependent variable W is δW. Using this relation to calculate the uncertainty of 
the area measurement gives, 
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where H and W represent the height and width of the heat sink bar and have the values of 10 mm 
each. The source of uncertainty for these two dimensions are from the precision of the machining 
process where the tolerance is ±0.001” or ±0.0254 mm. Using these known quantities gives a 
propagated uncertainty of the cross sectional area of ±0.359 mm
2
.  
 As mentioned earlier, the heat transfer through the heat sink is calculated using Fourier’s 
law of heat conduction as represented by the following relation. 
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The thermal conductivity, k, of the aluminum heat sink fabricated from alloy 6061 is 167 W/m·K 
at 25°C with an assumed uncertainty of ±1 W/m·K. The distance between adjacent TCs along the 
length of the heat sink is represented by Δx and is 4 mm. The uncertainty of this length is caused 
primarily from the loose fit of the TC in the drilled 0.7112 mm diameter hole. An uncertainty of 
half of the hole diameter is assumed for Δx and is ±0.35 mm. The propagated uncertainty of the 
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heat transferred through the heat sink is, 
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The temperature gradient along the length of the heat sink changes with changing power input, 
thus the heat transfer uncertainty is not constant for the TGP experiments. For the three power 
input levels used in the high acceleration TGP performance assessment, the resulting 
uncertainties are ±1.79 W for 20 W power input, ±2.46 W for 30 W power input, and ±3.10 W 
for 40 W power input.  
 Knowing the two quantities and propagated uncertainties for the device temperature 
difference and the heat transferred through the device, the effective thermal conductivity may 
then be calculated as, 
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The final propagated uncertainty is determined by the non-linear combination relation derived 
from partial differential equations, 
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where δR is the uncertainty of the effective thermal resistance. This quantity is dependent on the 
overall thermal resistance, temperature difference, and the heat transferred. Based on the values 
recorded during high acceleration TGP performance assessments, the resulting propagated 
uncertainties for each acceleration and power input magnitude are shown in Figure B.3. 
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Figure B.3 Plot displaying the propagated uncertainties of the effective thermal resistance 
measurements from the accelerated TGP thermal performance assessment. 
 
Note that the values of uncertainty range from approximately ±0.05 K/W at 0 g to approximately 
0.12 K/W at 10 g adverse acceleration. This is due to the increasing trend of thermal resistance 
and temperature difference with increasing acceleration. 
 The final step is to determine the propagated uncertainty of the effective thermal 
conductivity. The thermal resistance displayed a propagated uncertainty that varied with the 
power input and the temperature difference between the evaporator and condenser. For each 
parameter setting, the uncertainty was calculated to be a uniform positive and negative quantity. 
When the effective thermal conductivity is derived from the finite element analysis derived 
relationship between R and k, the uncertainty becomes non-uniform for each parameter setting. 
This phenomenon may be seen in Figure B.4 where the uniform uncertainty of thermal resistance 
is translated to a non-uniform uncertainty of thermal conductivity. 
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Figure B.4 Plot showing how uniform thermal resistance uncertainty is translated to non-
uniform thermal conductivity uncertainty when related on a non-linear relationship. 
 
 
The incoming uncertainty from the y-axis is ±x and when these values are translated onto the x-
axis by the R-K function, the uncertainty becomes ±y. The resulting values for the propagated 
uncertainty of the effective thermal resistance is shown in Figure B.5 
 
 
Figure B.5 Propagated high and low uncertainty of the effective thermal resistance with 
acceleration and power. 
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At zero acceleration, the propagated uncertainty varies wildly from ±75 to +400 W/m∙K and at 
10 g acceleration the propagated uncertainty is ±75 W/m∙K. 
